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EXPERIMENTAL SITUATION IN DEEP INELASTIC REACTIONS 
WITH RESPECT TO THE RAPIDLY RELAXED MODES. 
Joel Galin 
Institut de Physique Nucléaire 
B.P. n° 1, 91406 Orsay, France 
Résumé : Après avoir rapidement passé en revue les différentes techniques les plus fré-
quemment utilisées dans l'étude du processus très inélastique, la question relative au 
nombre de corps dans la voie de sortie est examinée. Il y a maintenant de très fortes 
preuves expérimentales indiquant que seuls deux principaux ensembles nucléaires nais-
sent de l'interaction quelle que soit la taille des nuclëides dans la voie d'entrée. 
Ensuite, parmi les trois degrés de liberté collectifs les plus significatifs mis en jeu 
dans les réactions très inélastiques (assymétrie de masse, mouvement relatif, et rap-
port du nombre de protons à celui de neutrons) nous avons considéré les deux derniers 
qui semblent être relaxés de façon rapide. L'évolution en temps est étudiée en considé-
rant systématiquement- la distribution des produits individuels de réaction en fonction, 
à la fois, de leur énergie cinétique et de leur distribution angulaire. Une tentative 
de classement des systèmes étudiés, basée sur l'allure des distributions angulaires, 
est donnée en fonction d'un paramètre semblable au paramètre de Sommerfeld. L'action 
des forces de viscosité qui sont responsables de l'amortissement du mouvement relatif 
est étudiée par le biais des degrés de liberté internes des produits de réaction (éner-
gie d'excitation et de déformation, spin). Enfin, il est montré que la relaxation du 
degré de liberté lié à l'excès de neutrons est très rapidement atteinte (même plus 
rapidement que ne l'est la relaxation du degré de liberté associé au mouvement relatif). 
Abstract : After having briefly surveyed the different techniques the most commonly 
used in deep inelastic studies the problem of the body number in the exit channel is 
discussed. There are now strong experimental evidences that only two major nuclear pieces 
are left at the scission stage whatever is the size of the nucleides in the entrance 
channel. Then, among the most three relevant collective degrees of freedom involved in 
deep inelastic collisions (mass asymmetry, relative motion, neutron to proton ratio) the 
last two ones which appear to be rather rapidly relaxed are considered. The time evolu-
tion is looked at by surveying the individual nucleus yield distributions as a function 
of their kinetic energy and angular distribution. A tentative classification of the in-
teracting systems based on the angular distribution pattern of the products is given as 
a function of a Sommerfeld-like parameter. The action of the viscous forces which are -
responsible of the kinetic energy damping is investigated through the analysis of the 
internal degrees of freedom of the reaction products (excitation energy, deformation 
energy and spin). Finally the relaxation of the neutron excess degree of freedom is 
shown to be very rapidly achieved (even more rapidly than is the relaxation of the degree 
of freedom associated to the relative motion). 
INTRODUCTION 
During the last three or four years deep 
inelastic reaction studies have known an explosive 
growth. The availability of heavy-ion accelerators 
delivering heavier and heavier beams with good 
intensities is largely responsible for the success 
of the field. Nevertheless the massive projectiles 
such as Kr and Xe are not necessarily involved in 
these studies and more and more work has been con-
ducted on tandems with "light" heavy ions in order 
to study the macroscopic aspects of nuclear colli-
sion phenomena. 
Deep inelastic collisions between heavy 
ions were first observed 15 years ago in the pion-
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ner  work of  Kaufmann and Wolfgang ( I I . However, 
f o r  a  long time these r e a c t i o n s  d i d  no t  r a i s e  much 
i n t e r e s t .  They were seen a s  a  by--product i n  most of 
the spectroscopic s t u d i e s  bu t  scarce ly  considered. 
And, a p a r t  some i s o l a t e d  experiments c a r r i e d  out 
around 1970, mainly a t  Dubna f2] and Orsay [3-41, 
one has  t o  wait  u n t i l  1973-1974 t o  see a  f a n t a s t i c  
burs t  i n  t h e  development of both experimental and 
t h e o r e t i c a l  approaches. This  sudden i n t e r e s t  was 
somewhat t r iggered  by the  f a i l u r e  i n  syn the t iz ing  
super-heavy spec ies .  Quite soon, it was r e a l i z e d  
t h a t  super-heavies could no t  be produced a s  com- 
pound n u c l e i  because of t h e  imposs ib i l i ty  of fusing 
completely together  two massive nuc le i .  Ins tead ,  
d i f f e r e n t  r e a c t i o n  channels were opened which 
brought a  l o t  of  i n t e r e s t .  
A s  it was already pointed out by Lefor t  
[5], when two heavy ions i n t e r a c t  the p o s s i b l e  
reac t ion  mechanisms cannot be simply divided i n t o  
f a s t  d i r e c t  processes  and slow compound nucleus 
processes ,  It appears t h a t  o ther  i n t e r a c t i o n s  do 
occur involving the  whole r e a c t i o n  time range from 
d i r e c t  i n t e r a c t i o n  t o  compound nucleus charac te r i s -  
t i c  times. Furthermore f o r  some degrees of freedom 
the  number of nucleons which a r e  involved i s  l a r g e r  
than t h e  few nucleons involved i n  d i r e c t  reac t ions  
but does no t  reach t h e  t o t a l i t y  of them a s  i n  com- 
pound nucleus processes. 
There have been some semantic d i f f i c u l -  
t i e s  t o  q u a l i f y  these  new reac t ion  mechanisms. Ac- 
cording t o  the d i f f e r e n t  groups they a r e  c a l l e d  
"quasi-fission" o r  "f iss ion-l ike" ( f o r  those who 
have i n  mind the  f i s s i o n  process ) ,  "strongly dam- 
ped" o r  "relaxed" phenomena, "hard grazing" o r  " 
"deep i n e l a s t i c "  c o l l i s i o n s .  The l a t e r  expression 
being so  f a r  t h e  most commonly used we s h a l l  adopt 
it a l l  along t h i s  t a l k .  
A deep i n e l a s t i c  c o l l i s i o n  between two 
n u c l e i  could be roughly depicted a s  follows. During 
such a  c o l l i s i o n ,  a  l a rge  amount of the k i n e t i c  
energy i n  the r e l a t i v e  motion i s  d i s s i p a t e d  i n t o  
t h e  i n t e r n a l  degrees of  freedom a s  wel l  a s  some 
amount of the o r b i t a l  angular  momentum i s  conver- 
t e d  i n t o  i n t r i n s i c  angular momentum of t h e  products. 
I n  the course of  such a  process there a r e  some 
rearrangements i n  both the  r e l a t i v e  s i z e  (mass) of 
the  par tners  (A;) and i n  t h e i r  neutron excess  
( A ~ - z ~ ) . / Z ~ ) .  However t h e  i n t e r a c t i o n  time i s  no t  
s u f f i c i e n t  t o  allow a complete s t a t i s t i c a l  e q u i l i -  
b r a t i o n  i n  a l l  the degrees of freedom. The disrup-  
t i o n  of t h e  t r a n s i t o r y  complex system occurs before 
a  compound nucleus regime i s  es tab l i shed .  
As suggested by Swiatecki and Bjornholm [6] 
t h e  deep i n e l a s t i c  process  resembiks t h e  f i s s i o n  
process i n  many respec t s .  The f i r s t  s t a g e  of the  
i n t e r a c t i o n  process, when t h e  two n u c l e i  come i n t o  
contact ,  can be considered as  analogue t o  t h e  rever-  
s e  of t h e  f i s s i o n  process .  However, one must keep i n  
mind t h a t  these two processes  a r e  q u i t e  d i f f e r e n t  a s  
f o r  the deformation degrees of freedom. I n  t h e  e x i t  
channel t h e  neck i s  not  d i s rup ted  b e f y e  a  l a r g e  
s t r e t c h i n g  of the  fragments has taken place,  as  
opposed t o  what occurs i n  the  entrance channel.  
These f e a t u r e s  a r e  expressed by the  ex i s tence  of 
two misaligned v a l l e y s  i n  t h e  p o t e n t i a l  energy sur-  
face  drawn versus the  separa t ion  and necking para- 
meters. The deep i n e l a s t i c  events a r e  those f o r  
which t h e  system i s  i n j e c t e d  from the fus ion  v a l l e y  
d i r e c t l y  i n t o  the  f i s s i o n  v a l l e y  without passing 
t h e  saddle po in t  when t h i s  one e x i s t s .  
The macro nuc lear  physics which has been 
very success fu l  i n  t h e  understanding of t h e  b a s i c  
f e a t u r e s  of  the f i s s i o n  phenomena i s  now being 
widely appl ied t o  heavy i o n  reac t ions .  The know- 
ledge of the nuclear  i n t e r a c t i o n  p o t e n t i a l  between 
two nuc le i  is one of t h e  c r u c i a l  problems i n  a l l  
t h e  t reatments .  Numerous attempts have been made 
i n  which t h e  separa t ion  d i s tance  of t h e  n u c l e i  i s  
t h e  only considered degree of freedom [7-131. On 
t h e  o ther  hand, bunches of p o t e n t i a l  energy sur-  
faces  f o r  complex systems have been computed a s  a  
funct ion of separa t ion  d i s t a n c e ,  mass-asymmetry, 
neck s i z e ,  e c c e n t r i c i t y  of the n u c l e i  [14-171. 
The d i s s i p a t i o n  of the c o l l e c t i v e  k i n e t i c  
energy i n t o  i n t e r n a l  e x c i t a t i o n  i s  t r e a t e d  c l a s s i -  
c a l l y  by assuming a  r e l a t i v e  na t ion  of the  undefor- 
med nuc le i  along c l a s s i c a l  t r a j e c t o r i e s  i n  t h e  
f i e l d  of conservative fo rces  and d i s s i p a t i v e  f r i c -  
t i o n a l  fo rces  [18-261. Some improvements have been 
made i n  these c l a s s i c a l  treatments by including 
i q o r t a n t  e f f e c t s  such a s  mass t r a n s f e r  [23,26] 
and deformation e f f e c t s  [25,26] . Furthermore, some 
microscopic descr ip t ions  of energy d i s s i p a t i o n  have 
been c a r r i e d  out on l i g h t  systems [27-281 . 
Non equil ibr ium quantum s t a t i s t i c a l  mecha- 
n i c s  has a l s o  been appl ied t o  t h e  deep i n e l a s t i c  
phenomena .in order  t o  descr ibe  the  t ranspor t  o r  
d i f fus ion  processes [29-301 . 
I n  t h i s  paper I would l i k e  t o  survey among 
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the  experimental r e s u l t s  t h e  ones which a re  more 
s p e c c f i c a l l y  r e l a t e d  t o  t h e  dynamics of t h e  deep 
i n e l a s t i c  process. I n  the fol lowing r e p o r t ,  Moretto 
w i l l  d iscuss  t h e  complementary aspec t s ,  deal ing with 
t h e  nucleonic exchange between the  n u c l e i  i n  terms 
of a d i f f u s i o n  process. 
I do not  intend t o  r e s t r i c t  myself t o  
i n t e r a c t i o n s  between e i t h e r  l i g h t  o r  heavy systems 
although some d i f fe rences  i n  the behaviour of  heavy 
systems a s  compared t o  l i g h t e r  ones may have l e d  i n  
the  pas t  t o  c l a s s i f y  t h e  corresponding reac t ions  
i n t o  two wel l  separated ca tegor ies .  Rather, one can 
show t h a t  both reac t ion  processes  a r e  very s i m i l a r  
i n  many respec t s  and t h a t  a slow evolu t ion  from one 
t o  the o t h e r  can be followed. I n  t h i s  evolut ion the  
product Z1Z2 of the  atomic numbers i n  t h e  entrance 
channel does not  seem t o  be the only re levan t  para- 
meter governing the process. As  suggested by recen t  
experiments, the  bombarding energy ( o r  the v e l o c i t y  
i n  the r e l a t i v e  motion) must a l so  be considered as  
a determinant f a c t o r .  
This paper i s  divided i n  f i v e  sec t ions .  
I n  t h e  f i r s t  one the p r i n c i p a l  experimental techni-  
ques cur ren t ly  used i n  t h e  i d e n t i f i c a t i o n  of deep 
i n e l a s t i c  reac t ion  products a r e  reviewed. The 
second p a r t  i s  devoted t o  a survey of t h e  experi- 
mental knowledge with regard t o  t h e  number of nu- 
c l e a r  p ieces  i n  the e x i t  channel ( t h e  two body 
quest ion) .  I n  t h e  t h i r d  s e c t i o n  t h e  energy damping 
phenomenon i s  analyzed i n  connection wi th  the  reac- 
t i o n  time (given by the  angular d i s t r i b u t i o n )  and 
the  nuclear  matter  exchange. The f i r s t  r e s u l t s  dea- 
l i n g  with t h e  e x c i t a t i o n  energy and sp in  l e f t  i n t o  
t h e  deep i n e l a s t i c  reac t ion  products a r e  discussed 
i n  s e c t i o n  4 .  F ina l ly  t h e  l a s t  s e c t i o n  considers  
the  re laxa t ion  of the neutron excess mode i n  some 
d e t a i l s .  
I. EXPERIMENTAL PROCEDURES 
The considerable  progress  which has been 
made i n  t h e  l a s t  years  i n  t h e  nucleus i d e n t i f i c a -  
t i o n  techniques i s  l a r g e l y  responsible  f o r  t h e  
b e t t e r  i n s i g h t  we have gained i n  t h e  reac t ion  pro- 
cesses .  Therefore, I would l i k e  t o  devote t h i s  
f i r s t  s e c t i o n  to a rap id  survey of the  d i f f e r e n t  
techniques most commonly met i n  deep i n e l a s t i c  s tu -  
d i e s  [3 I] . 
The fundamental parameters one would 
wish t o  know a r e  t h e  fol lowing : 
- the na ture  of the emitted products 
(atomic number or/and mass number) 
- the  angular d i s t r i b u t i o n  
- t h e  k i n e t i c  energ ies  
- the  e x c i t a t i o n  energies  
- the  sp ins .  
I n  most of t h e  experiments the  f i r s t  
th ree  c h a r a c t e r i s t i c s ,  which a r e  by f a r  t h e  e a s i e s t  
t o  reach,  have been measured and w i l l  be considered 
t h e r e a f t e r .  The l a s t  two,which requi re  a coincidence 
measurement between the  products and t h e i r  evapora- 
t ed  p a r t i c l e s  o r  y,rays,are more d i f f i c u l t  t o  ob ta in  
( e s s e n t i a l l y  due t o  the  low counting r a t e ) ,  and so  
f a r  very few attempts have been made i n  such a way. 
Furthermore coincidence experiments bet-  
ween the  massive reac t ion  products a r e  necessary t o  
know whether o r  not  t h e  reac t ion  ends up by only 
two major bodies i n  t h e  e x i t  channel.  
F i r s t , l e t ' s  examin i n  some d e t a i l s  the 
atomic number and mass i d e n t i f i c a t i o n  techniques. 
Both determinat ions requ i re  k i n e t i c  energy measu- 
rements performed e i t h e r  by s o l i d  s t a t e  o r  gas  
counters .  For masses heavier  than mass 50 the 
energy determination i n  SSD becomes a worrying 
problem. An energy defec t  has  been observed wi th  
such heavy ions .  Charge recombinations, nuclear  
c o l l i s i o n s  and o ther  l e s s  known e f f e c t s  can be 
gross ly  accounted f o r  by empir ical  methods. Never- 
t h e l e s s  improvements should be done i n  the f u t u r e  
i n  order  f o r  the  energy r e s o l u t i o n  not t o  be t h e  
l i m i t i n g  parameter i n  time of  f l i g h t  measurements. 
One might hope t h a t  gas  counters  could improve 
energy reso lu t ion .  
A- Atomic number i d e n t i f i c a t i o n  . 
1 O )  Te-lescopes AE-E. 
Due t o  t h e  d i f f i c u l t i e s  encountered t o  
bu i ld  t h i n  and homogeneous t ransmission s o l i d  s t a t e  
de tec tors  (SSD),in heavy ion s t u d i e s  the  te lescope% 
a r e  o f t e n  composed of a gas AE counter assoc ia ted  
with a gas o r  a SSD E-counter. Two types of gas  
counters  a r e  f requent ly  used : proport ional  coun- 
t e r s  and ion iza t ion  chambers. The t y p i c a l  energy 
r e s o l u t i o n  i n  proport ional  counters  i s  about 5% 
[32] and t h i s  does not allow to reso lve  the  e l e -  
ments above Z = 20. Ion iza t ion  chambers e x h i b i t  a 
much b e t t e r  reso lu t ion  [33-341. The e f f e c t i v e  reso- 
l u t i o n  depends very much on t h e  amount of energy 
dropped i n  the  counter .  Under favorable  energy con- 
d i t i o n s  elements up t o  Z = 50 can s t i l l  be resolved 
[35J. This  promising technique i s  v e r s a t i l e  and 
cheap. It i s  q u i t e  adapted f o r  kinematic measure- 
ments and has been ex tens ive ly  used during t h e  two 
p a s t  years .  A t y p i c a l  example of Z i d e n t i f i c a t i o n  
obtained a t  Orsay i s  given i n  Figure 1 .  
Fig. 1 - Example of Z iden t i f i ca t i ,on  performed 
by means of  an ion iza t ion  ctiamber [75]. 
2') X-rays. 
Reaction products can be co l lec ted  i n  
ca tchers  and X-rays a c t i v i t i e s  a r e  measured o f f -  
l i n e .  D i f f i c u l t i e s  a r e  encountered t o  determine the  
absolute  y i e l d s  because a given Z c o n s i s t s  of seve- 
ra l  i so topes  each decaying with d i f f e r e n t  half  l i v e  
and wi th  d i f f e r e n t  branching r a t i o s  f o r  K capture 
versus 6+ emission, gamma decay versus i n t a r n a l  
conversion and X-ray f luorescence versus Auger 
decay. Nevertheless t h i s  technique has proved i t s  
usefulness  i n  angular d i s t r i b u t i o n s ,  I t  allows t o  
study e i t h e r  low energy o r  heavy e l e m n t s  which 
cannot be i d e n t i f i e d  by the c l a s s i c a l  te lescope 
L36-377 . 
B- Mass i d e n t i f i c a t i o n .  
1 ') Correlated fragment energy measurements. 
The k i n e t i c  energies  of  two cor re la ted  
fragments a r e  measured by two s o l i d  s t a t e  de tec tors  
s e t  a t  judicious angles. This  technique has been 
ex tens ive ly  appl ied i n  f i s s i o n  s t u d i e s .  When a b i -  
nary s p l i t  i s  assumed i t  i s  made use of the conser- 
va t ion  of both t o t a l  mass and l i n e a r  momentum t o  
ca r ry  out the  ind iv idua l  masses from energy measu- 
rements. The method has been u t i l i z e d  i n  deep ine- 
l a s t i c  s t u d i e s  on heavy systems C38-39) . Further- 
more the coincidence requirement allows t o  t e s t  the 
f u l l  momentum t r a n s f e r  and to eva lua te  the r a t e  of 
binary s p l i t s .  However t h e  l imi ted  accuracy of the 
energy measurement l eads  t o  l a r g e  and, i n  some 
cases,systematic  e r r o r s  i n  t h e  mass determinat ion.  
For very asymmetric s p l i t s  t h e  method i s  very poor. 
Moreover i t  cannot be used a t  very forward and back- 
ward angles ,  
2") Time-of-flight spectrometers .  
Presen t ly ,  the  T.O.F. technique seems t o  
be t h e  most c o m n  mass i d e n t i f i c a t i o n  method [40, 
411 . From T.O.F. ( i . e .  v e l o c i t y )  and energy naoasu- 
rements t h e  mass can be ex t rac ted  unambiguously. 
The mass r e s o l u t i o n  is depending on both ve loc i ty  
and energy reso lu t ions .  
For a given time reso lu t ion  t h e  ve loc i ty  
reso lu t ion  can be optimized by increas ing  t h e  f l i g h t  
path a t  t h e  expense of the geometrical e f f ic iency .  
However, i n  deep i n e l a s t i c  s t u d i e s  ind iv idua l  c ross  
sec t ions  a r e  o f t e n  low and the  f l i g h t  pa th  scarce ly  
exceeds 100-150 cm. Therefore, d i f f e r e n t  ways a r e  
explored i n  o rder  t o  reach t h e  best  time reso lu t ion .  
Timing s i g n a l s  a r e  obtained from the  following devi- 
ces : 
a s o l i d  s t a t e  d e t e c t o r s .  
- 
b th in  p l a s t i c  s c i n t i l l a t o r s  assoc ia ted  with 
- 
photomult ipl iers  . 
4b 0 ;  4; i 3  d4 MASSE 
Fig. 2 - Example of mass spectrum obtained 
with a TOF spectrometer between a p l a s t i c  
s c i n t i l l a t o r  and a SSD with a f l i g h t  path 
of about lOOcm and a time reso lu t ion  of 
about 250 ps 1751. 
c t h i n  carbon f o i l s  associated with e l e c t r o n  mul- 
- 
t i p l i e r s  (channel p l a t e s )  o r  s o l i d  s t a t e  detec- 
to rs  . 
d t h i n  gas counters working i n  the avalanche 
- 
mode . 
I n  p r i n c i p l e  a l l  these  timing systems 
can be assoc ia ted  tvo by two to provide s t a r t  and 
s top  s i g n a l s '  However, the  most common combinations 
have been ( a  + a ) ,  (b  + a) (example i 6  given i n  
f i g .  2 ) ,  ( c  + a ) ,  ( c  + c) and (d + d ) .  The dB@ of a 
SSD f o r  de l iver ing  the s top  s igna l  i s  advantageous 
s i n c e  both timing and energy informations a r e  pro- 
vided by the saw! counter .  On average, when opera- 
t i n g  undet t e a l i s t i c  beam condit ions the  time reso- 
l u t i o n  f o r  most of these systems v a r i e s  from 150 ps 
t o  300 ps .  I t  i s  d i f f i c u l t  t o  compare t h e  q u a l i t i e s  
of t h e  d i f f e r e n t  systems s i n c e  some of them a r e  
s t i l l  i n  the  e a r l y  s tages  of t h e i r  operat ion,  
3') Magnetic spectrometers 
Magnetic ana lys i s  wi th  simultaneous 
measurements of p a r t i c l e  energy and pos i t ion  i n  the 
output  foca l  plane has been cur ren t ly  used i n  deep 
i n e l a s t i c  s t u d i e s  [42-431 
This  method provides a high mass reso- 
l u t i o n  and permits  t o  remove the e l a s t i c a l l y  sca t -  
t e r e d  ions loading the de tec tor  by using the d i f -  
ference of p a r t i c l e  magnetic r i g i d i t i e s .  But t h i s  
method does not  ensure unique i d e n t i f i c a t i o n  of 
p a r t i c l e s  s ince  p a r t i c l e s  having t h e  same o r  very 
c lose  q 2 / ~  cannot be separated.  These ambigui t ies  
a r e  removed by adding a 2 i d e n t i f i c a t i o n  by means 
of a AE-E telescope.  Additional time of f l i g h t  mea- 
surement may be usefu l  to  b e t t e r  resolve two neigh- 
bour elements with very d i f f e r e n t  masses and c lose  
q 2 / ~ .  
C- Mass + Z i d e n t i f i c a t i o n .  
l o )  Combination of AE-E and TOF techniques. 
An example of such a method can be 
found i n  r e f .  [44] where a TOF i s  measured between 
a p l a s t i c  f o i l  s c i n t i l l a t o r  and a SSD. A AE-ionisa- 
t i o n  chamber s e t  i n  f r o n t  of the SSD allows to de- 
termine the  2.  Correct ions a r e  made t o  account f o r  
the slowing down i n  the gas.  
2 ') Combination of magnetic ana lys i s  and A E - E  . 
I n  mass determinations i t  has been 
shown why the  combination of these two methods was 
q u i t e  necessary t o  t i d e  over the d i f f i c u l t i e s  due 
t o  t h e  d i f f e r e n t  charge s t a t e s .  This technique has 
proved i t s  high s e l e c t i v i t y  i n  the  search of  i s o t o -  
pes removed from the s t a b i l i t y  region [2] . Moreover 
it allows t o  measure p a r t i c l e s  emitted very forward 
by g e t t i n g  r i d  of the  e l a s t i c a l l y  s c a t t e r e d  beam. 
However the high s e l e c t i v i t y  can a l s o  be considered 
a s  a disadvantage : i n  a study of reac t ion  mecha- 
nisms, f o r  each de tec t ion  angle,  t h e  magnetic f i e l d  
must be var ied  severa l  times i n  o rder  t o  get  the 
whole energy s p e c t r a .  (beam time consuming) . 
3') I n  beam y ray spectroscopy. 
The reac t ion  products a r e  i d e n t i f i e d  by 
the energy of t h e i r  y t r a n s i t i o n s  a s  i n  r e f  [45].  
Some informatioris about the  r e c o i l  energies  can be 
reached by means of the  Doppler e f f e c t .  Cross sec- 
t i o n s  and angular d i s t r i b u t i o n  cannot be known, 
This technique could be appl ied i n  coincidence i n  
order  to  i d e n t i f y  cor re la ted  l i g h t  and heavy frag-  
ments. 
4') Off-beam y and a spectroscopy 
Thick t a r g e t s  i n  which r e c o i l  products 
a r e  stopped c&t be chemically processed &6-44. y- 
spectroscopy i s  then appl ied t o  the d i f f e r e n t  che- 
mical f r a c t i o n s .  A wide survey of reac t ion  products 
i s  thus obtained but few informations can be car-  
r i e d  out  a s  f o r  the reac t ion  mechanisms. 
When u t i l i z i n g  t h i n  t a r g e t s  the r e c o i l  
products a r e  co l lec ted  i n  stacked ca tchers  so  t h a t  
both k i n e t i c  energ ies  and angular d i s t r i b u t i o n s  can 
be determined a f t e r  y-ray o r  a-ray a n a l y s i s .  This  
method i s  of p a r t i c u l a r  i n t e r e s t  f o r  studying heavy 
products , the energy of which i s  too low f o r  conven- 
t i o n a l  AE-E o r  TOF i d e n t i f i c a t i o n s  t o  be c a r r i e d  
out L50-5 . 
11. THE DEEP INELASTIC REACTIONS : A TWO-BODY 
PROCESS. 
F i r s t  of a l l  we must make c l e a r  what we 
mean by a two-body process. Light p a r t i c l e s  such as  
neutrons,  protons and a -par t i c les  which can be emit- 
ted e i t h e r  during the i n t e r a c t i o n  o r  a f t e r  the  mas- 
s i v e  products have flown apar t  a r e  not taken i n t o  
account i n  the  product number balance. On t h e  o ther  
hand, f o r  e a s i l y  f i s s i o n a b l e  t a r g e t s  a s  U ,  t h e  hea- 
vy r e c o i l  products may undergo f i s s i o n .  This w i l l  
not be considered a s  a t r u e  ternary s p l i t  s i n c e  t h e  
th ree  bodies do appear i n  sequence : the reac t ion  
can be decomposed i n  two d i f f e r e n t  s tages  and the 
f i r s t  s t age  corresponds to  a purely binary s p l i t .  
J. GALIN 
The binary charac te r  of completely 
damped c o l l i s i o n s  was suspected without any coinci-  
dence measurements j u s t  by considering t h e  absolute  
k i n e t i c  energy of  t h e  products. Indeed, t h i s  energy 
corresponds roughly t o  t h e  Coulomb repulsion energy 
due t o  t h e  complementary fragment (assuming two 
spher ica l  nuc le i  i n  con tac t ) .  However t h i s  c lue  can- 
not be considered a s  a completely convincing argu- 
ment f o r  t h e  two following reasons.  F i r s t ,  f o r  some 
mass asymmetric configurat ions t h e  Coulomb energy 
r e s u l t i n g  from the  repulsion of two d i s t i n c t  f rag-  
ments on a t h i r d  one i s  not expected t o  be much d i f -  
f e r e n t  from t h e  one a r i s i n g  i n  a binary s p l i t .  More- 
over, due t o  t h e  fragment deformation, t h e  o r b i t a l  
angular momentum and t h e  e f f e c t s  of subsequent eva- 
porat ion i n  t h e  fragments, one cannot know accurate- 
l y  what k i n e t i c  energy i s  t o  be expected from a b i -  
t i o n .  A t  l e a s t  90% of t h e  events  i n  Kr+Bi and Cu+Au 
experiments were reported a s  binary ones. 
I n  o ther  coincidence experiments,in 
add i t ion  t o  the  k i n e t i c  energy m e a s ~ r e m e n t s ~ o t h e r  
parameters were measured. These supplementary para- 
meters a r e  not necessary f o r  proving t h e  binary cha- 
r a c t e r  of the  s p l i t  but they may allow t o  g e t  some 
i n s i g h t  i n t o  t h e  l i g h t  p a r t i c l e  (n,p ,a) emission 
p r i o r  or /and a f t e r  t h e  s p l i t  a s  we s h a l l  s e e  i n  sec- 
t i o n  4. The way i n  which such experiments a r e  analy- 
zed depends s t rongly  on the  nature of t h e  a d d i t i o n a l  
measured parameters. So f a r  we can d i s t i n g u i s h  t h r e e  
ca tegor ies  : 
i) %he l i g h t  fragment atomic number i s  measured as  
i n  t h e  2 2 ~ e ( 2 5 2  MeV)+ 107-109~g  experiment c a r r i e d  
out  a t  Berkeley p21 . 
- 
nary s p l i t  even though a complete damping of t h e  i i )  Mass i d e n t i f i c a t i o n  i s  achieved f o r  one fragment 
r e l a t i v e  motion i s  assumed. and atomic number f o r  t h e  cor re la ted  one a s  i n  t h e  
50 
some hints  of the binary cha- Heidelberg experiment f o r  t h e  3 2 ~ ( ~ 4 ~  MeV)+ Ti sys- 
r a c t e r  of t h e  deep i n e l a s t i c  reac t ions  were a l s o  tem C7 I] . 
found i n  uncorrelated experiments where both l i g h t  i i i )  Mass + atomic n ~ m b e r ~ i d e n t i f i c a t i o n  f o r  the  
and assumed heavy cor re la ted  products were measured. l i g h t  fragment and mass i d e n t i f i c a t i o n  f o r  t h e  cor- 
64 I n  t h e  study of the ( 4 0 ~ a +  Ni) system [54] i t  was r e l a t e d  one a s  i n  t h e  Orsay experiment : 4 0 ~ r ( 2 8 8  
found t h a t ,  q u a l i t a t i v e l y ,  both energy and angular M ~ v ) + ~ * N ~  . 
d i s t r i b u t i o n s  f o r  two assumed cor re la ted  products  The common r e s u l t  of  a l l  these works 
exhibi ted complementary p a t t e r n s  i n  t h e  cen te r  of i s ,  t h a t ,  f o r  a t  l e a s t  90% of t h e  events ( the  expe- 
mass frame. Moreover,when considering two expected 
r imental  l i m i t ) ,  the  process  i s  binary.  Furthermore; 
cor re la ted  fragments a t  90' c.m. t h e i r  mean k i n e t i c  
so  f a r ,  t o  my knowledge there  i s  no reported case of 
energies  were found i n  t o t a l  agreement w i t h  what i s  
coincidence experiments i n  which a missing mass 
required from t h e  momentum conservation. I n  addition, 
amount could no t  be explained by l i g h t  p a r t i c l e  
and wi th in  the experimental s t a t i s t i c a l  uncertain-  
emission. (The f i s s i o n i n g  heavy r e c o i l  product being 
t i e s  (?lo%), t h e  cross  sec t ions  were a l s o  found t o  
considered a s  a s p e c i a l  case) .  We s h a l l  come back i n  
be i n  agreement. 
More d i r e c t  evidences of t h e  binary 
s p l i t t i n g  i n  deep i n e l a s t i c  reac t ions  were c l e a r l y  
s t r e s s e d  i n  coincidence experiments. According t o  
the na ture  of the  measured parameters we can d i s t i n -  
guish d i f f e r e n t  kinds of coincidence experiments. 
I n  f i s s i o n  type experiments [85-391 
it was assumed t h a t  the  process was binary and only 
the'  fragment k i n e t i c  energies  were measured. Assu- 
ming furthermore t h e  f u l l  momentum t r a n s f e r  and the  
mass conservation, the individual  masses were ex- 
t r a c t e d  i n  applying t h e  momentum conservation law. 
It was shown t h a t  the  fragments r e l a t i v e  emi'ssion 
angle i n  t h e  cen te r  of  mass system was on average 
180° and t h a t  t h e  width of t h e  d i s t r i b u t i o n  was com- 
p a t i b l e  wi th  d i s t o r t i o n s  e f f e c t s  due t o  subsequent 
deexc i ta t ion  of the  fragments by p a r t i c l e  evapora- 
s e c t i o n  4 t o  t h e  problem of t h e  p a r t i c l e s  evaporated 
by t h e  fragments. 
111. THE KINETIC ENERGY DAMPING. 
The most s t r i k i n g  f e a t u r e s  revealed i n  
deep i n e l a s t i c  c o l l i s i o n s  a r e  connected w i t h  a l a r g e  
energy damping i n  the r e l a t i v e  motion. As i t  w i l l  be 
shown i n  Moretto's paper [52] deep i n e l a s t i c  c o l l i -  
s ions  do not  necessar i ly  r e s u l t  i n  important nuclear  
matter  exchanges and there fore ,  one cannot r e l y  on 
t h e  product i d e n t i t y  t o  guess t h e  i n t e r a c t i o n  mecha- 
nism. Rather, both energy and angular d i s t r i b u t i o n s  
can b e t t e r  charac te r ize  t h e  mechanism. I n  t h a t  res -  
pec t  contour p l o t s  giving t h e  y i e l d s  of t h e  d i f f e -  
r e n t  n u c l e i  a s  a funct ion of k i n e t i c  energy and 
emission angle appear t o  be the  b e s t  way t o  visua- 
l i z e  the  whole experimental r e s u l t .  Three t y p i c a l  
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Fig. 3 - Contour p l o t  of the  center  of mass c ross  sec t ion  i n  the  E ,  0 plane 
f o r  d i f f e r e n t  elements i n  the reac t ion  4 0 ~ r ( 2 8 0  M ~ v ) + ~ ~ N ~  [53]. The 
cross  sec t ions  a r e  given i n  ub/MeV.rad. 
reac t ions  have been se lec ted  i n  o rder  t o  give some 
h i n t s  of what can be observed i n  varying the  entran-  
ce channel parameters. F i r s t ,  two medium mass s i m i -  
5 8 l a r  systems ( 4 0 ~ r +  Ni) 154 and ( 4 0 ~ a + 6 4 ~ i )  [54] 
a r e  considered wi th  d i f f e r e n t  bombarding energy con- 
d i t i o n s  ( respec t ive ly  2.5B and 1.5B, where B i s  t h e  
i n t e r a c t i o n  b a r r i e r ) .  Then a much massive system 
86 , 197Au ( Kr+ ; E = 1.4B) [35,55] w i l l  be surveyed. 
l o )  4 0 ~ r + 5 8 ~ i  (288 MeV) [54. 
g l e s .  It seems reasonable t o  assume t h a t  smaller  and 
smaller  p a r t i a l  R waves a s  compared t o  R grazing a re  
involved, leading t o  a l a r g e r  and l a r g e r  overlap of 
nuc lear  matter  and, hence, t o  an increas ing  energy 
dAmping and more and m r e  forward dis torded t r a j e c -  
t o r i e s  a s  compared t o  purely Coulomb ones. The cor- 
responding c o l l i s i o n s  might be of t h e  h i t  and run 
type defined by Swiatecki k6]. The cont inuat ion of 
t h i s  r idge  could probably lead  t o  negat ive deflec-  
t i o n  angles .  As pointed out e a r l i e r  .by Wilczynski 
I n  f i g u r e  3 ,  q u i t e  d i f f e r e n t  pat-  
[57], due t o  symmetry of the  phenomenon around O", 
t e r n s  i n  t h e  contour p l o t s  can be dis t inguished ac- 
the extension of t h e  previous r idge  could be t h e  
cording t o  the  product i d e n t i t y .  Two r idges  can be 
r idge observed a t  p o s i t i v e  angles  with continuously 
observed i n  the y i e l d  d i s t r i b u t i o n  f o r  those n u c l e i  
decreasing energy. I n  such a p i c t u r e  and assuming 
c lose  t o  t h e  p r o j e c t i l e .  The high energy r idge  ex- 
the c l a s s i c a l  def lec t ion  func t ion  a s  meaningful 
tends from Q.E.peak ( e l a s t i c  s c a t t e r i n g  energy, gra- 
( t h i s  may be quest ionable when low R waves a r e  con- 
zing angle) towards lower energ ies  and smaller  an- 
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s idered)  one would g e t  a p a t t e r n  a s  described i n  f i -  
gure 4 .  A s i n g l e  rainbow angle a r i s e s  s l i g h t l y  fo r -  
ward of t h e  grazing angle with a corresponding con- 
cen t ra t ion  of c ross  sec t ion  a s  suggested i n  t h e  K  
contour p l o t ,  r ap id ly  decreasing backward and slowly 
decreasing forward. 
Another a l t e r n a t i v e  explanat ion sket-  
ched i n  f i g u r e  4 has been suggested by Deubler and 
D i e t r i c h  [25]. According to the  dynamical calcula-  
eavy system 
+ I 1 Deubler 1 \ 
/Dletrich 
Right- Poss ib le  d e f l e c t i o n  funct ion 
which could explain the 8-focusing e f f e c t  
observed i n  the study of heavy systems. 
- 
t i o n s  c a r r i e d  out by these authors  on t h e  Ar+Th sys- 
tem a second rainbow angle a r i s e s  near  0'. One can 
assume t h e  same p a t t e r n  f o r  a system l i k e  Ar+Ni with 
some accumulation of c ross  s e c t i o n  i n  the  very for -  
ward d i r e c t i o n .  However there  i s  no way, i n  the pre- 
sen t  experimental da ta ,  t o  decide which one of the  
Wilczynski o r  Deubler-Dietrich explanat ion i s  the  
r i g h t  one. I n  t h a t  respec t  add i t iona l  measurements 
c l o s e  t o  6' might be  very valuable.  
1 
t l w l I C z y n S k l  
I 
I 
Anyway, there  i s  d e f i n i t e l y  a cont i-  
nuous evolut ion between quasi  e l a s t i c  phenomena and 
completely damped ones. The c o l l i s i o n s  l a b e l l e d  by 
Swiatecki a s  grazing c o l l i s i o n s ,  h i t  and run c o l l i -  
s ions  and completely damped c o l l i s i o n s  a r e  both 
involved i n  t h e  formation of n u c l e i  such a s  C 1 ,  A r  
and K. 
Fig.  4 - L e f t  - Schematic d e f l e c t i o n  funct ions 
as  suggested by Wilczynski on the one hand 
and by Deubler-Dietrich on the o ther  hand. 
The previous p i c t u r e  can be precised 
i n  s tudying t h e  contour p l o t  p a t t e r n s  f o r  t h e  d i f -  
f e r e n t  i so topes  of a given element near  the projec- 
t i l e  '(fig. 5 ) .  For example, the most abundant K 
i so tope  i s  4 1 ~ .  It corresponds t o  the s implest  
exchange : a s i n g l e  proton pick-up by t h e  projec-  
t i l e .  As  we! look a t  i so topes  f o r  which more and 
more complex nucleon exchanges a r e  i-nvolved we do 
Fig. 5 - Contour p l o t  of the c e n t e r  of mass 
cross  s e c t i o n  i n  the  E ,  8 plane f o r  K i so-  
topes i n  t h e  r e a c t i o n  4 0 ~ r  (280 MeV) + 5 8 ~ i  
[53 ] .  The cross  s e c t i o n s  a r e  given i n  ~b/Mev.  
rad.  
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see a decrease i n  the peak i n t e n s i t y  a s  well  as  the 
loca t ion  of t h i s  peak i s  sh i f t ed  towards smaller  an- 
g l e  and energy values.  The slow t r a n s i t i o n  from gra- 
zing co l l i s i ons  t o  inner  6nes i s  well  perceived, 
however,as i t  i s  a continuous process,one cannot s e t  
any boundary between grazing, h i t  and run and deep 
i n e l a s t i c  co l l i s i ons .  
The same str- iking evolut ion can be fo l -  
lowed considering elements f a r t h e r  and f a r t h e r  remo- 
ved from t h e  p r o j e c t i l e  < f i g .  3) .  Progressively,  
grazing c o l l i s i o n s  contr ibute l e s s  and l e s s  i n  the 
formation of e i t h e r  l i g h t e r  o r  heavier  elements a s  
compared t o  the p ro j ec t i l e .  Then, the same trend i s  
t r u e  considering the intermediate  h i t  and run col- 
l i s i o n s .  'The average i h t e r ac t i on  time becomes l a rge r  
and l a rge r  as  inner  and inner  R waves a r e  involved. 
As a r e s u l t  the y ie lds  a r e  more spread al l '  over the  
space. 
For the s trongly damped phenomena the  
i n t e r ac t i on  time i s  l a rge  enough f o r  the  t r an s i t o ry  
existence of a "composite" system [58] o r  "Pnterme- 
d i a t e  complex" [?9] o r  "double nuclear  system" [59] 
t o  be considered. Ei ther , this  composite system does 
survive long enough f o r  the two nuc le i  t o  fuse  f i r s t  
(complete l o s t  of t h e i r  i den t i t y )  and f i n a l l y  reach 
the complete equi l ib ra ted  compound nucleus s tage .  
O r ,  t h e , d i s rup t i on  occurs a f t e r  the system has ro ta -  
ted during a f r a c t i on  of period or  even severa l  pe- 
r iods .  When the s p l i t  occurs i n  the completely equi- 
l i b r a t e d  compound nucleus,then, a t r ue  f i s s i o n  pro- 
cess i s  observed. There i s  a continui ty i n  the whole 
process described above and it i s  q u i t e  d i f f i c u l t  i n  
many cases t o  d i s t inguish  a t r ue  f i s s i o n  phenomenon 
(C.N. f i s s i o n  wi th  high exc i t a t i on  energy and angu- 
l a r  momentum) from a f i s s i o n  before complete e q u i l i -  
brium has been reached. A good example i s  given by 
the Z = 6 contour p lo t  pa t t e rn ,  i n  which the  angu- 
l a r  d i s t r i bu t i on  i s  only s l i g h t l y  more forward pea- 
ked than the  one expected i n  a t r u e  f i s s i o n  process. 
2") 4 0 ~ a + 6 4 ~ i  (182 MeV) 1543 (Fig. 6) 
When comparing t h i s  system with the 
previous one (very s imi la r  as  f a r  as  the s i z e  of 
i n t e r ac t i ng  nuc le i  i s  concerned) i t  i s  q u i t e  ins-  
t r u c t i v e  to  s ee  the e f f e c t s  of bombarding energy on 
t he  contour p l o t  pa t t e rn s  ( f i g .  6) .  Due t o  t he  smal- 
l e r  energy d i f fe rence  between the entrance and t he  
f u l l y  damped e x i t  channel (0.5B instead of 1.5B), 
the  appearance of the  two r idges  i s  near ly  comple- 
t e l y  masked. Ins tead ,  as  shown f o r  Z = 21 a broad 
d i s t r i b u t i o n  i s  observed. Nevertheless there  a r e  
some c lues  ind ica t ing  t ha t  t he  behavior observed a t  
high bombarding energy remains v a l i d  a t  low energy. 
The cross sec t ion  i s  decreasing forward as  well  as  
a f l a t  r idge  i s  extending fu r t he r  backward. However 
near (and forward o f )  the grazing angle it seems 
u n r e a l i s t i c  to  t r y  t o  evaluate the two contribu- 
t i ons  a s  it could be done a t  high bombarding energy. 
As we consider l i g h t  r e ac t i on  products 
(from Z = 18 t o  Z = 12) a n i ce  smooth t r a n s i t i o n  
can be observed from a s ide  peaking t o  a forward 
peaking. At the same time the k i n e t i c  energy of 
the maximum progressively i s  ge t t i ng  c loser  t he  
one measured a t  l a rge  angles. A t  f i r s t  glance a l l  
these cha r ac t e r i s t i c s  resemble very much what has 
been seen i n  the study of more massive systems. 
3") 8 6 ~ r + 1 9 7 ~ u  (620 MeV) C35,55] ( f i g .  7)  
The bombarding energy i s  approximately 
1.4B and,in t h i s  respect , the entrance channel con- 
d i t i ons  a r e  approximately the same a s  f o r  the  (Ca 
+Ni)system. Qual i ta t ive ly  t he  same evolut ion from 
s ide  peaking to  forward peaking i s  observed as  one 
considers nuc le i  more and more removed from the pro- 
j e c t i l e .  There i s  a l s o  some evidence f o r  the  d i f f e -  
ren t  product c ross  sec t ions  no t  t o  be completely 
negligeable near  0".  However; " the  r e l a t i v e  cross 
sec t ion  i n  the forward d i r ec t i on  a s  compared t o  
the one measured a t  the  maximum of the d i s t r i b u t i o n  
i s  much smaller  f o r  the  heavy,system than f o r  the 
l i g h t  one ind ica t ing  a s tronger  focusing i n  the 
y i e ld  d i s t r i b u t i o n .  
This main d i f fe rence  i n  the behavior of 
l i g h t  and heavy systems i s  r a the r  unexpected. 
Indeed, i t  i s  known tha t  f o r  l i g h t  systems an impor- 
t an t  p a r t  of the reac t ion  cross s ec t i on  i s  found i n  
the compound nucleus formation. This is opposi te  t o  
what has been seen i n  heavy nuc le i  i n t e r ac t i on .  
Therefore t h e  II wave range leading t o  o ther  chan- 
ne l s  than C.N. i s  much wider f o r  heavy sys tem than 
fo r  l i g h t  ones and hence,the y i e ld s  a r e  expected t o  
be more s ca t t e r ed  i n  t h e  space. 
The study of the product d i s t r i bu t i on  
FWHM can help to  understand t h i s  behavior. I f  we 
assume the l i f e  time of the  system a s  a decreasing 
funct ion of the impact parameter and the  product 
d i s t r i b u t i o n  FWHM a s  an increasing funct ion of the 
l i f e t ime  then the FWHM i s  a decreasing funct ion of 
the impact parameter (or  2 ) .  For the  Kr+Au f o r  exam- 
p l e  1 351 it has been pointed out  t h a t  f o r  interme- 
Fig. 6 - Contour plot of the center of mass cross section in the E 0 plane 
for different elements in the reaction 40~a(182 M ~ v ) + ~ ~ N ~  [ 5 4 j .  The 
cross sections are given in ub/MeV.rad. 
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Fig. 7 - Contour p l o t  of t h e  cen te r  of mass 
cross  s e c t i o n  i n  the E, 8 plane f o r  some 
elements with atomic numbers below the  
p r o j e c t i l e  i n  the 8 6 ~ r  (620 M ~ V ) + ~ ~ ~ A U  
studied a t  Berkeley [357. The contour l i n e s  
a r e  equal ly spaced with the  following s t e p s  
- Z = 20 a 2 a / a e a ~  = 5 pb/rad.MeV 
- 2 ~ 2 5  I t  = 20 11 
- Z = 2 8  ,? = 30 I1 
- z = 31 I 1  = 50 " 
- Z = 3 2  11 = 100 11 
- z = 3 3  1, = l o o  " 
- z = 3 5  f 1  = 250 
d i a t e  angles  the  FWHM was the smallest  ( l a r g e  II ) ,  
f o r  backward angles t h e  FWHM was the  Largest (small 
R) and f o r  forward angles the  FWHM was intermediate  
( intermediate  R). This g ives  r i s e  t o  the two ra in-  
bow angles d e f l e c t i o n  funct ion a s  shownin f i g u r e  5 
with  t h e  c r o s s  s e c t i o n  focused i n  a narrow angular 
range . 
Now, i f  one considers  intermediate  sys- 
tems between the ones surveyed so f a r  i n  t h i s  sec- 
t i o n  ( l i k e  (Ar+Au) [60-6 1 , (Cu+Au) [62] , (Cu+Sm) 
[51]) t h e i r  behaviors seem t o  depend s t rongly  on 
t h e  bombarding energy ( f i g .  8) . A t  low bomb&ding 
F ig .  8 - Angular d i s t r i b u t i o n s  f o r  quasi-Cu 
reac t ion  products i n  the system 6 3 ~ u + 1 9 7 ~ u  
a t  365 MeV and,443 MeV bombarding energy. 
energy the  angular d i s t r i b u t i o n s  appear t o  be ra -  
ther  of the  (Kr+Au) type whereas a t  high energy 
they resemble more t h e  ones observed i n  the (Ar+Ni) 
s tudy.  An intermediate  p a t t e r n  has a l s o  been pointed 
out by Wolf e t  a 1  [6a  .for the  Kr+Ho system a t  714 
MeV, by Webb e t  a1 [64] f o r  the  Kr+La system a t  710 
MeV and by Berlanger e t  a1 [65] f o r  t h e  Cu+Nb sys- 
tem a t  280 MeV. So, i t  i s  c l e a r l y  seen t h a t  the  s i z e  
of the nucleides and t h e i r  mass asymmetry i n  the 
: entrance channel a r e  not the  only re levan t  parame- 
t e r s  in f luenc ing  the i n t e r a c t i o n .  A decrease i n  t h e  
s i z e  of the i n t e r a ~ t i n ~ n u c l e i d e s  seems t o  have t o  
some extend t h e  same e f f e c t s  a s  an increase  of the  
r e l a t i v e  v e l o c i t y  f o r  two heavy i n t e r a ~ t i n ~ n u c l e i -  
des . 
To classify the studied systems, a pa- 
rameter similar to the Sommerfeld parameter n' 
= zpzTe2/hv', where v' is the relative velocity 
when the two nucleides come in contact (correspon- 
ding to E-B), might be more relevant than the usual 
discrimination based on the interacting nucleus 
sizes. It can be noticed that the Sommerfeld like 
parameter rl' is proportional to the ratio of a Cou- 
lomb force ~ ~ ~ ~ e ~ / ( r ~ + r ~ ) ~  to a friction force if 
the later is expressed as F =-Kvf/rlr2 (this expres- 
sion is similar to the one proposed by Tsang [lo] 
with the nuclear densities p proportional to -I/r 
which is a reasonable assumption in the nuclear 
tails). 
Thus, the reaction mechanism seems to 
be strongly influenced by the delicate balance bet- 
ween the Coulomb force and the friction force. For 
a strong Coulomb force and comparatively small fric- 
tion force (this is the example of heavy nucleides 
interacting near the Coulomb barrier &d hence with 
small v') the dynamics appears to be dominated by 
Coulomb (short interaction time). Conversely for 
light systems at high bombarding energy the Coulomb 
effects are washed out by the friction force (lar- 
ger interaction time) . 
I have tried to get together in Table 
I some systems for which the deep inelastic colli- 
sions have been studied by measuring the light reac- 
tion products. The bombarding energies are compared 
to the interaction barriers calculated within the 
framework of the energy density formalism using the 
sudden approximation [12] . In heavy combinations 
(ZpZt>2800) for which the barrier is no longer exis- 
ting but is replaced by a plateau, the height of 
this plateau has been estimated. It can be seen that 
most of the experiments have been done at 1.3cE 
<1.7B. It seems to me that a lot could be learned 
from all these systems if extensive contour plots 
were available for the different reaction products. 
Numerous informations are contained in such graphs, 
and, furthermre, this could allow the different 
models to be easily tested. 
From the available data, a continuous 
evolution can be quantitatively depicted as a func- 
tion of the Sommerfeld-like parameter ,I' as fol- 
lows : 
- for low rl' values Capproximately Q'< 150-2001 
the angular distribution are rather very broad with 
their maximum peaked well forward the grazing angle 
(orbiting picture) ; 
- 
- for large Q' values (approximately ,1'>250-3001 
most of the cross eection is focused close to the 
grazing angle with an increase in the focusing phe- 
nomenon as q' increases. 
- for intermediate b' values there is a transi- 
tion region 'w'here orbiting and focussing processes 
have somewhat comparable intensities. 
If this systematic were true, (Kr+Bi) 
experiments at 10 MeV per nucleon b~mbibarding energy 
would lead to a dominant orbiti~g picktire for the 
reaction products and Kr(450 &lev)+& on the contra- 
ry would show a dominant focusing effect. 
1 / 1 1 1 , , , 1 1 , / , 1  
175 MeV : z ~ e  + 107sl,q9~Ag 
Coulomb energy 4 
60 
Fig. 9 - Average c.m. kinetic energies as a 
function of Z for various lab angles 
without any correction for light particle 
evaporation. The Couclomb energy is given 
for two spheres and two spheroids at 
equilibrium deformation. The radius para- 
meter is ro = 1.224 and the nuclei are 
separated by 2.0 fm [73]. 
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I S Y S T E M  
1 2 ~ + 2 7 ~ ~  
1 6 0  + 2 7 ~ ~  
"C + 8 9 ~  
1 % + 9 8 ~ 0  
1 2 c + 1 0 7 " 1 0 9 ~ g  
1 2 c  + l 1 6 s n  
1 4 N + 1 0 7 - 1 0 9 ~ g  
3 2 ~  + 5 0 ~ i  
' O c a +  " O J ~  
2 0 ~ e . + 1 0 7 - ' 0 9 ~ g  
"C + l g 7 A u  
4 9 ~ r  + " ~ i  
'OCa t, 6 4 ~ i  
5 2 ~ r  + 5 6 ~ e  
160 + 
4 0 A r + 1 0 7 - 1 0 9 ~ g  
2 2 ~ e  + 2 3 2 ~ h  
4 0 ~ r + 1 2 1 - 1 2 3 ~ b  
8 6 ~ r  + 6 3 - 6 5 ~ ~  
6 3 ~ ~  + 3 ~ b  
4 0 ~ r  + l q 7 A u  
4 0 ~ r  + 2 3 2 ~ h  
3 6 K r + l o 7 - 1 0 9  Ag 
" K r  + 1 3 9 ~ a  
6 3 ~ ~  + 1 8 6 ~  
?$it M ~ ' " ~  B *c.m.'B r7 r l l  B r e f .  
(MeV' ( M e V )  
1 0 0  6 .3  4 . 3  4.7 3  9  
7 8  2 .2  11 
C6 61 
1 8 0  6 . 4  3 .2  3 .4  5  4  C6 l 
104 1.7 15 9  0  3 . 7  6 .9  8 . 1  3  7  1 0 0  4 .2  6 . 5  7.5 4  0  
2 3 4  7.4 3  1  107 3 - 0  1 2 . 4  15.1  5  4  197 5 . 6  9 . 1  1 0 . 0  8 2  
t6 j 
168 
2 5 2  8 . 2  33 107 2 .9  13 .3  16.5 5 5  197 5 . 3  9 .8  10 .8  8 4  
L6 87 
[681 
2 8 2  3  7  8  6  2 . 1  16 .6  23 .0  45  
9tC! 16 91 107 2 . 6  1 4 . 9  19 .0  55  f681  
197 4 . 8  11 .0  12.4  8 4  
3 0 0  9 . 7  3  9  107  2 .5  15.8  20 .4  55  [681 197 4 . 6  1 1 . 6  1 4 . 8  85  C6 81 
7  8  1 .8  2 2 . 0  35 .8  4 0  
3 2 9  
C41 
7 .7  4  3  1 0 0  2 . 1  19 .3  2 6 . 8  5 3  [7 01 
113  2 . 3  1Q.2 2 4 . 1  5  9  [&I 
1 6 0  3 . 3  15.3, 18.3  78 [7 01 
2 5 0  5 , l  12 .3  13.7  104 [7 01 
3 5 2  1 .6  4  9 1 k o  1 . 7  2 6 . 5  4 0 . 7  5 5  [7 11 
? - 
4 0 0  4 1 8  56  2 7 8  2 .5  2 3 . 9  3 0 . 9  8 4  [721 
4 7 0  6  0  17% 2 5 . 0  32 .4  8 6  2 .5  5,4 [731 2  5  2  3 .6  20 .8  2 4 . 5  1 1 3  [ 7  31 
4 7 4  16 .4  5  6  107 i .8 2 5 . 0  37 .5  55  1 6 8 1  125 2.1 2 3 . 1  3 1 . 9  65 [741 
197  3.3 18.4 2 2 . 0  9  6  C681 
5 0 4  1 .5  6  7  2  8  0  2.5 30.0  3 8 . 8  105 [44 ,53  1 
5 6 0  1 .6  7  4  1 8 2  1 .5  41 .4  7 1 . 1  6  7  C541 
6 2 4  1.1 8 2  2 7 0  1.7 4 3 . 1  6 7 . 0  9 0  t751  
6 3 2  12 .3  7  4  135 1 .7  34,2 5 3 . 5  6  8  [ 7  41 1 6 6  2 . 1  3Q.9  42 .8  85  [ 741 
846 2.7 104  1  6.9 1  .? 64 .9  1 6 5 . 1  5  5 7  61 2 8 8  2 .0  5 1 . 6  72.6  1 3 1  C77l 
3 4 0  2 . 4  47.5  6 2 . 3  152 [ 7  7 1  
9 0 0  1 0 . 5  104  174  1.5 5 0 . 4  8 5 . 7  8 6  [ 781 
9 1 8  3 . 0  112  2  8 2  1 .9  54 .5  7 9 . 3  132 7fil 
3 4 0  2 . 3  49 .6  66.1  159  e 7  61 
1 0 4 4  1 .3  127 4 9 4  1.7 68 .6  198 .7  132  [ 761 604  2 . 0  6  8 7 . 0  165 1761 
1 1 8 9  1 .5  1 4 3  2 8 0  1.2 8 8 . 8  2 3 4 . 2  68 [ 651 
. . 
2 0 4  ! , 0 5  99 .4  408 .6  47 [ 791 
1 4 2 2  4 .9  I s ?  2 2 0  1 .15 95.5  2 6 3 . 7  7  3  1611 
2 9 0  1 . 3  8 9 . 6  1 8 4 . 6  104  c 791 
2 8 8  1 . 5  83 .6  144.5  133 [ 601 
3 4 0  1 .8  76 .8  116 .0  1 6 6  [ 601 
1 6 2 0  5 . 8  ! 8 4  2 9 7  1 . 4  9 3 . 7  179 .4  127 [ 8 d  3 8 8  1 .8  8 2 . 0  123 .0  186  [ SO] 
1692 1 . 3  194  6 0 6  1.7 1 0 0 . 5  154 .3  2 0 7  [ 811 
2 0 5 2  1 .6  2 2 8  7 1 0  1 .8  112 .5  162 .3  2 7 4  1 641 
2 1 4 6  3.0 2 3 7  3 9 5  1 .2  1 3 5 . 0  304 .4  137 1 821 
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T a b l e  I : ZpZT a t o m i c  number p r o d u c t  f o r  t a r g e t  and  p r o j e c t i l e  
S Y S T E M  ZPZ t M ~ / " ~  B 1 a b  Ec.m. / B rl rl lB r e f .  
M H / $  m a s s  a s y m m e t r y  i n  t h e  e n t r a n c e  c h a n n e l  
B : B a r r i e r  computed  i n  t h e  e n e r g y  d e n s i t y  f o r m a l i s m  [ I 2 1  
When t h e  p o t e n t i a l  energy  c u r v e  v e r s u s  s e p a r a t i o n  d i s t a n c e  d o e s  n o t  
e x h i b i t  a n y  b a r r i e r  (ZpZt  > 2 8 0 d t h e  va lue  of the  remaining p la teau  estimated 
0 : Sommerfe ld  p a r a m e t e r  ~ p ~ t &  r l l  : Sommerfe ld  l i k e  p a r a m e t e r  z p z t 6  
5 J2E *A-G=-B) 
6 3 ~ ~  + "'AU 
" ~ r  + 1 6 5 ~ ~  
1 3 6 ~ e + l o 7 - l o 9 ~ ~  
8 6 ~ r  + l a l ~ a  
3 6 ~ r  + l g 7 ~ u  
" ~ r  + 2 0 9 ~ i  
1 3 6 ~ e + 1 5 9 ~ b  
3 6 ~ e + 1 8 1 ~ a  
' 3 6 ~ e + 1 9 7 ~ ~  
1 3 6 ~ e + 2 0 8 ~ b  
1 3 6 x e + 2 0 g B i  
- 
l B  i s  t h e  a n g u l a r  momentum f o r  t h e  two n u c l e i d e s  a t  a c l o s e s t  d i s t a n c e  o f  
a p p r o a c h  c o r r e s p o n d i n g  t o  t h e  b a r r i e r  t o p .  F o r  ZpZt  > 2800,where t h e r e  i s  
no l o n g e r  a b a r r i e r  t h e  d i s t a n c e  h a s  b e e n  e s t i m a t e d  by e x t r a p o l a t i n g  t h e  
computed  d i s t a n c e s  f o r  l o w e r  Z p Z t  p r o d u c t s .  The c a l c u l a t e d  1 v a l u e s d o  n o t  
c o r r e s p o n d  t o  1 max s i n c e  t h e  n u c l e a r  p o t e n t i a l  a t  t h i s  d i s t a n c e  i s  a b o u t  
4 0  MeV. They a r e  shown t o  g i v e  some h i n t  o f  t h e  1 waves  i n v o l v e d  i n  t h e  
d i f f e r e n t  s y s t e m s .  
(MeV) ( M ~ v )  
2 2 9 1  2 4 8  3 6 5  1 . 1  3 . 1  1 4 9 . 8  4 6 3 . 0  9 9  [ 8 3  1 4  4  3  1 . 3  1 3 6 . 2  2 6 7 . 3  1 7 1  1 6 2  1 
2 4 1 2  1 . 9  2 6 7  7 1 4  1 . 8  1 3 1 . 9  2 0 1 . 0  2 7 9  [ 6 3  1 
2 5 3 8  1 . 3  2  7  6  1 1 2 4  1 . 8  1 3 9 . 0  2 0 8 . 2  3 0 4  1 6 3  1 
2 6 2 8  2 . 1  2 8 8  6 2 0  1 . 5  1 5 4 . 2  2 7 5 . 0  2 3 5  t 8 4  3 
2 8 4 4  2 . 3  % 3 0 7  6 2 0  1 . 4  1 6 6 . 8  3 1 0 . 0  2 3 3  [ 3 5  2 
5  0 5  1 . 1 5  1 9 2 . 1  5 4 3 . 3  1 4 2  1 3 8  1 
2 9 8 8  2 . 5  Q 3 1 5  5 2 5  1 . 2 0  1 8 8 . 4  4 7 4 . 3  1 6 2  [ 8 5 1  
5  98  1 . 3 5  1 7 8 . 5  3 5 2 . 0  2 2 0  [: 3 9  1 
7  14  1 . 6 0  1 6 3 - 5  2 6 6 . 6  2 9 1  [ 6 3  2 
3 5 1 0  1 . 2  s 3 6 6  97  9  1 . 4  2 4 7 . 5  3 7 2 . 0  3 0 1  [ 8 6  1 
3 9 4 2  1 . 3  ~ 4 0 9  1 1 2 0  1 . 6  2 1 6 . 5  3 6 0 . 9  3 7 5  [ 8 7  1 
4 2 6 6  1 . 4  Q 4 3 1  97  9  1 . 3  2 9 0 . 4  4 9 5 . 5  3 1 0  [ 8 6  1 
4 4 2 8  1'.5 Q, 4 4 8  1 1 2 0  1 . 5  2 4 3 . 1  4 1 8 . 0  3 9 0  [ 8 7 1  
4  4  8  2  1 . 5  % 4 5 4  1 1 3 0  1 . 5  2 4 4 . 8  4 2 1 . 5  3 9 3  1 8 8  1 
The "relaxed" energy. 
It was shown, i n  the y i e l d  contour 
p l o t s  f o r  t h e  d i f f e r e n t  elements, t h a t  t h e i r  mean 
k i n e t i c  energy a f t e r  decreasing with decreasing 8 
was reaching a lower l i m i t .  Very e a r l y  Volkov [78, 
801 pointed ou t  t h a t  t h i s  energy was i n  good agree- 
ment wi th  t h e  k i n e t i c  energy one would expect from 
a pure Coulomb repuls ion  between two cor re la ted  
fragments A n i c e  proof of the Coulomb o r i g i n  of t h e  
k i n e t i c  energy was given a t  Berkeley [89]. The re -  
laxed k i n e t i c  energy of a given element issued from 
e i t h e r  (,8Ar+47Ag) o r  (36Kr+2gCu) system was found 
t o  be the same i n  both systems. This i s  expected 
from a Coulomb repuls ion  s ince  the t o t a l  charge i s  
the same f o r  both systems. For very asymmetric 
s p l i t s  i n  l ight-systems t h e r e  i s  genera l ly  a f a i r l y  
However, when approaching mass symmetry i n  the  e x i t  
channel, the  experimental value i s  general ly  lower 
than t h e  computed one a s  shown i n  f i g u r e  9 [73]. 
This i s  even more c l e a r l y  s t ressed  i n  systems in-  
volving heavier  nucleides where t h e  p r o j e c t i l e - l i k e  
k i n e t i c  energy is  much lower than t h e  i n t e r a c t i o n  
b a r r i e r  energy. Thus, t h e  r a t i o  between the  i n t e r a c -  
t i o n  b a r r i e r  and the  k i n e t i c  energy i n  the  e x i t  
channel drops from 1  .*0.05 f o r  (Ar+Ne) t o  0.76% .08 
f o r  (Ar+Ag) o r  to  0 . 8 1 k . 1 0  f o r  (Ar+Au). 
An explanat ion of t h i s  d i f fe rence  may 
be found i n  t h e  fragment deformation a t  the  s c i s -  
s ion  p o i n t .  Coulomb energ ies  computed i n  conside- 
r i n g  t h e  fragments a s  spheroids,  allowed t o  a t t a i n  
t h e i r  equi l ibr ium deformation, a r e  i n  b e t t e r  agree- 
ment with experiment. 
good agreement between the measured energy and the  
However, such c a l c u l ~ t i o n s  a r e  not  ex- 
Coulomb energy repuls ion  of two spher ica l  nuc le i .  pected t o  reproduce more than the  gross  p a t t e r n  
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s ince  two e f f e c t s  a r e  not  accounted f o r .  A f i r s t  
cor rec t ion  should be introduced i n  the experimental 
energy values t o  account f o r  t h e  p a r t i c l e s  emitted 
by the  i n - f l i g h t  product.  However,this cor rec t ion  i s  
d i f f i c u l t  t o  est imate s ince ,  most of the time, very 
l i t t l e  i s  experimentally known about the e x c i t a t i o n  
energy l e f t  i n t o  the  fragments. Moreover depending 
on the  na ture  of the product,  t h e  s p i n  and exc i ta -  
t i o n  energy, proton and a -par t i c les  may be s t rongly  
competing wi th  neutrons. This would requ i re  more 
sophis t i ca ted  cor rec t ions  than the ones genera l ly  
introduced assuming only neutron evaporat ion.  
The second cor rec t ion  is  r e l a t e d  t o  
angular momentum. I n  the  computed k i n e t i c  energy i n  
add i t ion  t o  t h e  dominant Coulomb term, one must con- 
s i d e r  the c e n t r i f u g a l  term. A s  i t  w i l l  be shown i n  
t h e  next sec t ion ,  due t o  the t angent ia l  f r i c t i o n  
involved i n  t h e  process ,  a p a r t  of the  entrance 
channel o r b i t a l  angular  momentum i s  found a s  i n t r i n -  
s i c  angular momentum i n  t h e  r e a c t i o n p r o d u c t s .  The- 
r e f o r e ,  t h e  amount of the  remaining cen t r i fuga l  
energy depends on the s t r e n g t h  of the  t angent ia l  
fo rce  and so f a r  very l i t t l e  i s  experimentally known 
i n  t h i s  respec t .  I n  the framework of t h e  s t i c k i n g  
model one can ge t  an es t imate  about t h e  importance 
of t h e  c e n t r i f u g a l  term. L e t ' s  consider a s  an exam- 
p l e  the  (Ne+Ag) r e a c t i o n  wi th  II; = 755. When the  
two nucleides j u s t  come i n  contact  the c e n t r i f u g a l  
energy i s  equal  t o  58 MeV. Then, assuming a s t i c k i n g  
condit ion without any mass t r a n s f e r ,  the  remaining 
o r b i t a l  angular  momentum P.5 i s  given by : 
This  gives a c e n t r i f u g a l  con t r ibu t ion  t o  the  kine- 
t i c  energy Ec920 MeV. This  value has t o  be compared 
wi th  the  60-70 MeV of t o t a l  Coulomb energy and i s  
shown t o  be q u i t e  important.  We can n o t i c e  t h a t ,  
assuming the two nuc le i  r o l l i n g  on each o t h e r ,  ins -  
tead of s t i c k i n g ,  the c e n t r i f u g a l  term would be even 
l a r g e r  (Q30 MeV). This amounts f o r  near ly  50% of t h e  
Coulomb term. 
To b e t t e r  understand the importance of 
the  d i f f e r e n t  terms cont r ibu t ing  t o  the  measured k i -  
n e t i c  energy severa l  experiments were done on a g i -  
ven system with d i f f e r e n t  bombarding energies  [83,  
621. A s  shown a l s o  i n  f i g u r e  7 [73] the bombarding 
energy does not  in f luence  i n  an appreciable  way the 
k i n e t i c  energies  i n  t h e  e x i t  channel. However, a s  i t  
has been observed i n  severa l  cases  1901, with the  
increase  of bombarding energy one would expect an 
increase  of the  p a r t i a l  average % wave va lues  c o n t r i -  
buting t o  deep i n e l a s t i c . r e a c t i o n s  and thus  an in -  
crease of t h e  c e n t r i f u g a l  term. But, on the  o ther  
hand, more e x c i t a t i o n  energy i s  l e f t  i n t o  the  f rag-  
ments leading t o  l a r g e r  l o s s e s  of nucleons and maybe 
a l a r g e r  s t r e t c h i n g  i s  taking p lace .  These t h r e e  e f -  
f e c t s  seem t o  counteract  each o ther .  A s i m i l a r  beha- 
v i o r  has been pointed out  i n  heavy ion  induced f i s -  
s ion [91-94 . 
As f a r  a s  spec t ra  f a r  from t h e  grazing 
angle a r e  considered, the energy spectrum FWHM seems 
not t o  be Z dependant f o r  most of t h e  s tud ied  sys- 
tems. An increase  i n  FWHM can be observed wi th  in- 
creasing bombarding energy [TO]. And a s  f o r  t h e  mean 
k i n e t i c  energy, i t  i s  d i f f i c u l t  to  account p r e c i s e l y  
f o r  t h e  FWHM s i n c e  shape f l u c t u a t i o n s ,  angular mo- 
mentum d i s t r i b u t i o n s ,  e x c i t a t i o n  energy and p a r t i c l e  
evaporat ion a l l  con t r ibu te  t o  the observed width. 
I V .  EXCITATION ENERGY AND SPIN I N  THE REACTION 
PRODUCTS. 
As shown previously,  a l a r g e  amount of 
the k i n e t i c  energy i n  the  r e l a t i v e  motion i s  l o s t  i n  
deep i n e l a s t i c  processes .  I n  o rder  t o  b e t t e r  unders- 
tand the reac t ion  mechanism, the  knowledge of both 
e x c i t a t i o n  energy (hea t  and deformation energy) and 
sp in  f o r  e i t h e r  c o r r e l a t e d  r e a c t i o n  product would be 
a valuable information.  From the  s p i n  values one 
could es t imate  the importance of  t angent ia l  f r i c t i o n  
i n  t h e  energy damping. 
Experimentally t h e  measurements of both 
q u a n t i t i e s  ( e x c i t a t i o n  energy and spin)  i s  a d i f f i -  
c u l t  t a sk .  Exc i ta t ion  energ ies  can be reached 
through t h e  measurements of l i g h t  p a r t i c l e s  and y- 
rays emit ted by the products .  Spins can be est imated 
from t h e  number of y-rays emit ted during t h e  reac-  
t i o n  i f  evaporated p a r t i c l e s  a r e  assumed t o  not  car- 
r y  away much angular momentum. 
Coincidence experiments between t h e  
fragments and i t s  evaporated p a r t i c l e s  and y-rays 
a r e  thus required and t h i s  genera l ly  implies  very  
low counting r a t e s .  Most of these experiments a r e  i n  
t h e i r  e a r l y  s tage and the  conclusion we can draw out  
a r e  r a t h e r  uncer ta in .  
A- Emission of l i g h t  p a r t i c l e s  i n  deep ine las -  
t i c  r e a c t i o n s .  
I n  the  f i r s t  s tage of the  i n t e r a c t i o n  
process most of the heat might be concentrated in 
the neck which has developed between the colliding 
nuclei. It is likely 'that one or several particles 
will be emitted from the corresponding hot spot. 
Such particles are expected to have rather high 
energies as in preequilibrium emission. Then, provi- 
ded the life time of the system is long enough, the 
remaining heat is likely to diffuse throughout the 
composite system until a uniform temperature is 
reached. If it were so, the excitation energies 
left in the two correlated nuclei would be roughly 
in the ratio of their masses [93-941. 
Are there any experimental evidence to 
sustain the previous assumptions ? i.e. : 
- high energy particles emitted prior to scis- 
sion. 
- post scission emission. 
In the experimental results we can 
distinguish four types of measurements : 
1') Detection of charged particles (p,cx) in heavy 
ion interactions without coincidence require- 
ments with correlated fragments. 
It was shown very early [95] that the 
angular distribution of charged particles emitted 
in heavy ion interactions was not always symmetric 
around 90' as expected from compound nucleus der 
excitation. Instead, a foreward peaking distribu- 
tion, in excess as compared with the backward dis- 
tribution, strongly substantiates the existence of 
additional reaction mechanisms. Non-compound a- 
particles are generally more abundant than non- 
compound protons and deuterons in 12c, 1 4 ~ ,  160 
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Fig. 10 - Angular distribution of the light charged particles emitted in 
the reaction I4~+lo3~h and 40~r+77~e at bombarding energies adjusted 
in order to reach the same excitation energy in the I17~e compound 
nucleus. The solid lines indicate the expected contribution from 








































DEDP INELASTIC REACTIONS C5-99 
induced reac t ions .  The a - p a r t i c l e  k i n e t i c  energy may 
i n d i c a t e  they a r e  issued from a break up of the pro- 
j e c t i l e  i n  t h e  f i e l d  of t h e  t a r g e t  nucleus. The pe- 
& l i a r  abundance of  these  a - p a r t i c l e s  i n  12c and 160 
as compared t o  I 4 N  induced reac t ions  corroborates t h e  
break up explanat ion.  
However more recent  experiments have 
r a i s e d  puzzling quest ions [go] . I n  the  study of two 
systems involving the  same global  number of nucleons 
through two q u i t e  d i f f e r e n c e  entrance channels (14N 
+lo31th and 4 0 ~ r + 7 7 ~ e )  t h e  emission of l i g h t  p a r t i -  
c l e s  from a non compound mechanism was found neg l i -  
g i b l e  i n  the  A r  induced r e a c t i o n  a s  compared wi th  
t h e  N induced one a s  shown i n  f i g u r e  10. The reason 
of t h i s  d i f fe rence  i s  not  wel l  understood a s  ye t .  
Furthermore t h e  d i r e c t  proton mean energy was too 
high f o r  a break up of t h e  N p r o j e c t i l e  t o  be a sa-  
t i s f a c t o r y  explanat ion.  S imi la r ly  t h e  d i r e c t  a- 
p a r t i c l e  energy spec t ra  extend toward too high ener- 
g i e s  f o r  a l l  these  a - p a r t i c l e s  t o  o r i g i n a t e  from a 
p r o j e c t i l e  break up as  seen f i g u r e  1 1 .  However, 
(122MeV) + I o 3 ~ h  
10 20 30 40 50 
E ( MeV 
Fig.  1 1  - I n  s o l i d  l i n e s  a r e  given the measured 
a -par t i c le  energy s p e c t r a  a t  two average 
c.m. angles  symmetric with respec t  t o  90'. 
(The non-compound cont r ibu t ion  (dashed l i n e )  
i s  c a r r i e d  out by d i f f e r e n c e ) .  
without a coincidence experiment i n  which a fragment 
i s  well i d e n t i f i e d  and loca l ized  it seems q u i t e  d i f -  
f i c u l t  t o  c a r r y  out valuable informations about the 
p a r t i c l e s  emit ted p r i o r  o r  a f t e r  s c i s s i o n .  Indeed 
too many channels a r e  open and,furthermore, as  op- 
posed t o  t h e  compound nucleus case ,  the  angular d i s -  
t r i b u t i o n  of the  nucleus which evaporates l i g h t  par- 
t i c l e s  i s  q u i t e  complex. 
2") Coincidence experiments between deep i n e l a s t i c  
products and l i g h t  p a r t i c l e s .  
When a l i g h t  p a r t i c l e  i s  emit ted i n  
coincidence w i t h  a massive product,  t h i s  does no t  
d i r e c t l y  i n d i c a t e  a t  what s tage  of the  r e a c t i o n  or  
by which fragment the  p a r t i c l e  has been emit ted.  
One must r e l y  on the r e c o i l  energy of the mother 
nucleus t o  know which one has emit ted the  l i g h t  par- 
t i c l e .  I n  p a r t i c u l a r  t h e  case of very asymmetric 
s p l i t s  i s  i n t e r e s t i n g  because the v e l o c i t y  of the  
light: fragment i s  much l a r g e r  than t h a t  of the  hea- 
vy one. Simple Monte Carlo s imulat ions [96-971 show 
i n  a such case a narrow d i s t r i b u t i o n  of emit ted 
l i g h t  p a r t i c u l e s  by the  l i g h t  fragment around i t s  
emission angle,  whereas the  p a r t i c l e s  emit ted by 
the cor re la ted  heavy fragment a r e  not scr'"strong1y 
focused i n  the laboratory frame. It i s  probably 
more d i f f i c u l t  t o  ge t  any a p r i o r i  idea  about the  
pre-sciss ion emission. 
Some prel iminary r e s u l t s  a r e  given i n  
d i f f e r e n t  con t r ibu t ion  t o  t h i s  conference [98- 1011 . 
In  both ( 1 4 ~ + 9 3 ~ b )  [99] and ( 1 6 0 + 5 8 ~ i )  [98] systems 
p and a -par t i c les  have been measured i n  coincidence 
with deep i n e l a s t i c  products de tec ted  i n  a f i x e d  
d i r e c t i o n .  The p and a -par t i c les  angular d i s t r i b u -  
t i o n s  a r e  well peaked "out the  maxima coincide with 
n e i t h e r  l i g h t  nor heavy product emission angles .  As 
already observed without  coincidence measurements 
the maxima a r e  r a t h e r  loca ted  very near  the  beam 
d i r e c t i o n .  This could i n d i c a t e  t h a t  most of t h e  
l i g h t  p a r t i c l e s - a r e  emit ted p r i o r  t o  s c i s s i o n .  Fur- 
.~ 
thermore i n  the seconZl system the  p and a p a r t i c l e s  
a r e  s t rongly  focused i n  the  reac t ion  plane s i g n i -  
fy ing  an emission from al igned systems having l a r g e  
angular momenta a s  expected from a s t rong  tangent ie l  
f r i c t i o n .  
I n  add i t ion  t o  the near  0' contribu- 
t i o n  there  i s  a smaller  and f l a t  con t r ibu t ion  which 
58 has a l s o  been observed i n  the ( 4 0 ~ r +  Ni) system 
[ I O ~  and which could be a t t r i b u t e d  t o  the heavy 
fragment emission. Much more information i s  needed 
t o  ge t  a b e t t e r  i n s i g h t  i n t o  the l i g h t  p a r t i c l e  
emission process through t h i s  kind of coincidence 
experiments. 
3") Coincidence experiments between the  fragments. 
The emission of l i g h t  p a r t i c l e s  by 
the fragments r e s u l t s  i n  a broadening of t h e i r  an- 
gu la r  d i s t r i b u t i o n .  The out  of plane angular width 
can be used t o  es t imate  t h e  number of emitted nu- 
cleons,  making some assumptions on t h e i r  na ture ,  
s p a t i a l  d i s t r i b u t i o n  and energy. I n  a system l i k e  
32~+50~i  [71] i t was shown t h a t  3 nucleons were 
evaporated by both fragments and t h a t  an a - p a r t i c l e  
C5- 100 J. GALIN 
emission was q u i t e  un l ike ly .  However, i n  t h i s  expe- 
riment, i t  was not poss ib le  to  decide whether the 
p a r t i c l e s  were a r i s i n g  from the pre-sciss ion o r  
post-sciss ion s tage.  I n  another type of experiment 
[lo21 one can ob ta in  the average "pre-evaporation" 
mass of the fragments by measuring both cor re la ted  
fragment v e l o c i t i e s  ( i t  i s  assumed t h a t  the  evapo- 
r a t i o n  does not modify the v e l o c i t i e s ) .  On the  o ther  
hand t h e  "post-evaporation" mass can be obtained by 
measuring the  k i n e t i c  energy i n  add i t ion  t o  the  ve- 
l o c i t y .  Evaporation has been found to increase  a l -  
most l i n e a r l y  wi th  the  mass of the  l i g h t  products. 
This seems cons i s ten t  with a sharing of  the  t o t a l  
e x c i t a t i o n  energy between the  two fragments accor- 
ding t o  t h e i r  masses. 
4 ' )  Spec ia l  case of a symmetric entrance channel. 
I n  the Ca-Ca system [103I] the y i e l d  
versus atomic Aumber and mass of the products has 
been observed t o  be peaked around Zk18 m 3 6  sho- 
wing c l e a r l y  the  average emission o,£ 2 protons and 
2 neutrons per  product i n  a symmetric s p l i t  f o r  
s t rongly  damped c o l l i s i o n s .  However t h i s  does not  
i n d i c a t e  a t  what s tage  of t h e  process these  p a r t i -  
c l e s  have been emitted ( f i g .  12). 
B- y -mul t ip l ic i ty  i n  deep i n e l a s t i c  reac t ions .  
After  having considered t h e  damping 
of the r e l a t i v e  motion a s  due t o  the ac t ion  of f r i c -  
t i o n  f o r c e s ,  one can g e t  a b e t t e r  i n s i g h t  i n t o  the  
process by studying t h e  e f f e c t  of f r i c t i o n  on t h e  
i n i t i a l  o r b i t a l  angular momentum. The tangent ia l  
component of t h e  f r i c t i o n  force  a c t s  by means of a 
s l i d i n g  term making t h e  two bodies r o l l  on each 
o t h e r  and by means of a r o l l i n g  f r i c t i o n  term cau- 
s i n g  the two bodies t o  g e t  s tuck r i g i d l y  [18-261. 
Depending on t h e  s t renght  of  the  t angent ia l  f r i c -  
t i o n  f o r c e , a  more o r  l e s s  important p a r t  of t h e  
i n i t i a l  r e l a t i v e  o r b i t a l  angular momentum i s  t rans-  
f e r e d  i n t o  i n t r i n s i c  angular  momentum of t h e  frag-  
ments. 
I n  most of the  e x i s t i n g  dynamic mo- 
d e l s  [9-101 t h e  f r i c t i o n a l  fo rce  ( i t s  range, the  
r e l a t i v e  importance of r a d i a l  versus t angent ia l  
f r i c t i o n )  has been adjusted t o  account mainly f o r  
the  k i n e t i c  energy l o s s  s ince  d a t a  concerning the  
angular momentum t r a n s f e r  were not ava i lab le .  
Fig.  12 - Mass and charge y i e l d s  i n  the reac- 
t ion  4 0 ~ a + 4 0 ~ a  f o r both quasi  e l a s t i c  and 
s t rongly  damped c o l l i s i o n s  [72] . 
When the  reac t ion  products  a r e  not  
very exc i ted  i t  i s  assumed t h a t  most of t h e i r  in-  
t r i n s i c  angular momentum i s  c a r r i e d  off  through y- 
rays and very l i t t l e  by p a r t i c l e  emission. There- 
f o r e  experiments s i m i l a r  t o  the ones conducted i n  
compound nucleus s t u d i e s  have been undertaken t o  
measure t h e  y-mul t ip l ic i ty .  A r e a c t i o n  channel i s  
se lec ted  by a heavy p a r t i c l e  de tec tor  and the y- 
m u l t i p l i c i t y  f o r  t h i s  p a r t i c u l a r  channel i s  given 
by means of one o r  severa l  NaI de tec tors  i n  coinci-  
dence w i t h  the p a r t i c l e  de tec tor  according t o  t h e  
r e l a t i o n s h i p  : 
where Icoinc i s  t h e  number of coincidences, Ising 
the  t o t a l  number of  counts on the  p a r t i c l e  de tec tor  
f o r  the  se lec ted  channel,  and E the y-detector e f f i -  
ciency. 
An example of y - m u l t i p l i c i t y  deter-  
mination i s  given i n  f i g u r e s  13-14. The y-ray spa- 
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Fig. 13 - Bottom : Single energy spectrum for 
5<Z<20 at 16'<8 ab<320 in the reaction 
"0~r(280 MeV)+58Ni [101] . 
Middle : y-coincidence spectrum in 
the same conditions as previously with 
y-rays detected in the reaction plane at 
-135". 
Top : Deduced y-multiplicity 
versus kinetic energy. 
tial distribution is generally taken into account by 
averaging the measurements on several y-counters lo- 
cated at different angles. Two assumptions have fur- 
ther to be made in order to carry out the spin va- 
lues from the measured y-multiplicity. The first hy- 
pothesis is relative to the number of tr units remo- 
ved per y-transition. In the deep inelastic studies 
the authors have generally relied on data obtained 
Fig. 14 - y-multiplicity for the different 
elemencs produced at 16°<81,b<320 with a 
kinetic energy below 190 MeV (deep inelas- 
tic collisions) in the 40~r(280 M~V)+~'N~ 
system [IOI]. 
in compound nucleus studies for similar systems. 
Also, it has been shown,by Grover, Gilat [lo61 and 
by Banaschik et a1 [I071 more recently,that y-rays 
arising from the YRAST cascade are mainly stretched 
E2 whereas in the statistical cascade stretched El 
are the most abundant transitions. A value close to 
2 has generally been used [104,105,108J . The second 
ambiguity lies in the angular momentum carried off 
by particle emission prior to the y-cascade. If 
neutrons or protons can only remove very little 
angular momentum, for a-particle emission the remo- 
ved angular momentum is certainly not negligeable 
but is quite difficult to be estimated. 
The experimental spin values obtai- 
ned for the N+Nb system [I051 are in good agreement 
with the sticking hypothesis. Within the framework 
of this hypothesis the orbital angular momentum in 
the exit channel (gf) is found to be the following 
fraction of the initial one (9.;) : 
where L, is the reduced mass of the system schemati- 
zed by two tangent spherical nuclei of mass MI, M2 
and radius R1, R2. Then , the ratio of the two 
fragment spins is given by the ratio of their mo- 
ment of inertia : 
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This  l eads  t o  a q u i t e  negl igeable sp in  value f o r  the  
l i g h t  fragment i n  asymmetric s p l i t s .  
For t h e  (Ar+Ni) system [IOI] ( f i g .  
13) t h e  y m u l t i p l i c i t y  i s  found t o  be s l i g h t l y  in-  
creasing with t h e  products mass asymmetry. This i s  
expected from the  s t i c k i n g  condit ion.  However, even 
assuming a l l  y-rays a s  E2 the t o t a l  measured s p i n  i s  
40 t o  60% l e s s  than the  one expected from the s t i c -  
king model. It i s  r a t h e r  d i f f i c u l t  t o  know whether 
t h i s  d i f fe rence  can be explained only by the angular 
momentum c a r r i e d  away by a - p a r t i c l e s .  
It must be not iced t h a t  i n  a l l  
these s t u d i e s  ehe global  m u l t i p l i c i t y  f o r  both frag-  
ments i s  determined.Some attempts have been made 
recen t ly  t o  s tudy the continuum y-spectra  i n  order  
t o  t r y  t o  d i s t i n g u i s h  the  con t r ibu t ions  from e i t h e r  
fragments f o r  an asymmetric entrance channel. 
For a much heavier  system such a s  
(Cu+Au) rl08] a y -mul t ip l ic i ty  approximately ha l f  
the  one expected i n  t h e  s t i c k i n g  hypothesis was 
found. However, i t  i s  d i f f i c u l t  t o  draw any conclu- 
s ion  from t h i s  example s ince many reasons can be 
found t o  account f o r  the  d i f fe rence .  F i r s t ,  the an- 
gular  momentum c a r r i e d  away by a - p a r t i c l e s  i s  ne- 
g lec ted ,  then, a s  suggested by a recen t  work [48], 
gold l i k e  products might be l e f t  i n  isomeric  s t a t e s .  
Furthermore, f o r  such an heavy system the n e a r l y  
complete range of R waves i s  involved i n  the deep 
i n e l a s t i c  process ,  c o n t r a r i l y  to  l i g h t  systems where 
a narrower R window i s  involved (and there fore  <R> 
i n  the  entrance channel i s  b e t t e r  known). F i n a l l y ,  
so  f a r  undeformed spher ica l  nuc le i  a r e  considered i n  
the s t i c k i n g  model although, a s  shown i n  s e c t i o n  3,  
s t r e t c h e d  configurat ions should be considered. 
Another s t r i k i n g  r e s u l t ,  common t o  
the d i f f e r e n t  experiments POI, 104,1081 has been 
found by measuring y-ray m u l t i p l i c i t y  i n  and out  the 
r e a c t i o n  plane.  The d i s t r i b u t i o n  i s  near ly  i s o t r o p i c  
as  though t h e  expected alignment, suggested by the 
+ p a r t i c l e  in -p lan  focusing, was destroyed. 
To conclude t h i s  s e c t i o n  i t  seems 
t h a t  coincidence measurements between the cor re la ted  
products ,  and between one product and y-rays o r  l i g h t  
p a r t i c l e s  a r e ' q u i t e  complementary and needed t o  be 
done simultaneously on a given system i f  one wants 
t o  b e t t e r  understand what appears t o  be a t  t h e  pre- 
sen t  time as  a r a t h e r  very complicated r e a c t i o n  me- 
chani sm. 
V. RELAXATION OF THE NEUTRON EXCESS COLLECTIVE 
DEGREE OF FREEDOM 
I n  a system where p r o j e c t i l e  and 
t a r g e t  a r e  charac te r ized  by d i f f e r e n t  neutron over 
proton r a t i o s  i t  i s  i n t e r e s t i n g  t o  know how i s  sha- 
red the  neutron excess i n  the  reac t ion  products .  
The corresponding degree of freedom i s  very rap id ly  
relaxed a s  i t  can be seen from the  experimental 
evidences described t h e r e a f t e r .  These s t u d i e s  re- 
q u i r e  both charge and mass i d e n t i f i c a t i o n s  and,so 
f a r ,  mostly l i g h t  systems ( o r  a t  l e a s t  systems in- 
volving a l i g h t  o r  medium p r o j e c t i l e )  have'been in-  
v e s t i g a t e d  with the masses well resolved up t o  M260 
and atomic numbers up t o  Z = 30-35. 
I n  a f i r s t  experiment [58], 4 0 ~ a  
and 4 0 ~ r  p r o j e c t i l e s  were chosen t o  bombard both 
neutron poor 5 8 ~ i  and neutron r i c h  6 4 ~ i  iso topes  i n  
o rder  t o  combine i n  a l l  the  d i f f e r e n t  ways r e l a t i v e -  
l y  neutron r i c h  and neutron poor t a r g e t s  and projec-  
t i l e s .  
A t y p i c a l  i so tope  y i e l d  d i s t r i b u t i o n  
5 8 i s  given i n  f i g u r e  15 f o r  t h e  4 0 ~ r +  N i  entrance 
channel. Near the grazing angle where quas i  e l a s t i c  
and completely damped phenomena a r e  wel l  d i s t ingui -  
shed it can be seen how d i f f e r e n t  a r e  the  mass d i s -  
t r i b u t i o n s  f o r  the  two reac t ion  mechanisms. I n  a 
grazing c o l l i s i o n  the most probable C 1  i so tope  t o  
be formed i s  3 9 ~ 1  r e s u l t i n g  from a s i n g l e  proton 
s t r i p p i n g .  Nevertheless i n  these .dis tant  c o l l i s i o n s  
5 8 ~ ~  e O ~ r ,'CLI 9 8 - X ~ ~  
E40A, - 2 8 0  MeV 
1 1  1 1 ,  I , ,  1 ,  1 -  4 1 
100 150 2 0 0  2 5 0  
Elob (MeV) 
Fig .  15 - Contour p l o t  of the C 1  isotope 
y i e l d s  (a .u.)  i n  the  M, E plane i n  the 
r e a c t i o n  4 0 ~ r ( 2 8 0  M ~ v ) + ~ ~ N ~  [unpublished 
da ta  from orsay] . 
DEEP INELASTIC REACTIONS c5- 103 
C 1  i so topes  ranging from 3 4 ~ 1  up t o  4 1 ~ 1  have a l s o  
been found with s izeab le  c ross  sec t ions .  There i s  
some evidence f o r  the  l i g h t e s t  ones t o  be formed 
with a s l i g h t l y  lower average k i n e t i c  energy than 
38-39-40~1 i n d i c a t i n g  some energy re laxa t ion  i n  the 
r e l a t i v e  motion and hence corresponding t o  s l i g h t l y  
deeper c o l l i s i o n s  than the  ones leading t o  38-39-40 
C 1 .  On t h e  other .hand,  i n  the  f u l l y  energy damped 
component the  heav ies t  C 1  i so topes  a r e  completely 
missing. Such a trend i s  q u a l i t a t i v e l y  understanda- 
b l e  i n  terms of a neutron excess degree of freedom 
re laxa t ion  : i n  the en t rance  channel the t a r g e t  can 
be considered a s  neutron poor a s  compared to the 
p r o j e c t i l e  and w i l l  gain i n  the deep i n e l a s t i c  i n t e -  
43 
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Fig.  16 - Contour p l o t  of t h e  K isotope 
y i e l d s  (a.u.) i n  the  M, E plane i n  the  
reac t ions  4 0 ~ r  (280 M ~ V ) + = ~ N ~  and 4 0 ~ a  
(280 M ~ v ) + " N ~  [44] . 
r a c t i o n  some neutrons a t  the  expense of the  projec- 
t i l e .  
The same behavior can a l s o  be obser- 
ved q u a l i t a t i v e l y  i n  t h e  comparisonaf  K i s o t o p i c  
64 d i s t r i b u t i o n s  issued from t h e  two ( 4 0 ~ a +  Ni) and 
( 4 0 ~ r + 5 8 ~ i )  systems ( f i g .  16). These two systems 
a r e  very s i m i l a r  i n  t h e i r  global  N / Z  r a t i o s ,  a l -  
though i n  the f i r s t  case t h e  p r o j e c t i l e  can be con- 
s idered  a s  neutron poor a s  compared t o  the  t a r g e t  
and the  reverse i s  t r u e  i n  the second case. I n  the 
energy relaxed components, the mass d i s t r i b u t i o n s  
a r e  very s i m i l a r  t o  each o ther  a s  one would expect 
from a s t rong  rearrangement i n  t h e  neutron versus  
proton d i s t r i b u t i o n .  
Some q u a n t i t a t i v e  es t imates  based 
on p o t e n t i a l  energy considerat ions,  a s  suggested 
by Moretto, have been done f o r  checking whether the  
neutron excess mode could be considered a s  f u l l y  
relaxed. Considering a composite system, assumed 
f o r  t h e  sake of s impl ic i ty  t o  be made of two tan- 
gen t  spher ica l  n u c l e i ,  one can compute, f o r  each 
mass asymmetry the  p o t e n t i a l  energy of t h e  system 
a s  a funct ion of the  Z d i s t r i b u t i o n .  The most pro- 
bable Z product i s  expected t o  be the one which m i -  
nimizes the  p o t e n t i a l  energy w r i t t e n  a s  follows : 
where ELD i s  t h e  l i qu id  drop energy f o r  each nu- 
c leus  i n  the composite system and Vc the  conven- 
t i o n a l  Coulomb energy. 
The r e s u l t s  of such an approach a r e  
shown i n  f i g u r e  17 and compared t o  t h e  experimental 
da ta .  A t  f i r s t  glance the agreement appears t o  be 
q u i t e  s a t i s f a c t o r y  a t  l e a s t  i n  th ree  out  of t h e  
f o u r  systems. The gross  p a t t e r n  i s  well  reproduced 
s ince  both ca lcu la ted  and experimental d i s t r i b u t i o n s  
e x h i b i t  on average t h e  same neutron excess increase  
w i t h  mass of the  l i g h t  fragment. The experimental 
s t r u c t u r e  i s  no t  observed i n  the  ca lcu la t ions  but  
t h i s  i s  not  expected s ince  p a i r i n g  or  s h e l l  e f f e c t s  
and evaporat ion cor rec t ions  a r e  not  introduced i n  
the model. 
The average d i f fe rences  which a r e  
observed between experiments and pred ic t ions  can 
a r i s e  from two o r i g i n s .  F i r s t ,  t h e  shape which has 
been assigned t o  t h e  composite system is  c e r t a i n l y  
u n r e a l i s t i c  s ince  the  fragment k i n e t i c  energies  
c l e a r l y  i n d i c a t e  a l a r g e  s t r e t c h i n g  out  a t  the  s c i s -  
s ion  po in t .  Then, so  far,we have not  considered the 
I I 
10 20 30 40 
Mass 
Fig. 17 - (A) The primary distribution calcula- 
tions (smooth curves) are compared to the 
experimental measurements. 
(B) The primary distribution calcula- 
tions (smooth curves) and the distribution 
after the evaporation calculations (dots) 
are compared to the experimental data (trian- 
gles). 
large excitation energy left into the fragment 
which is likely to modify the primary fragment 
structure because of the particle evaporation. 
Fig. 18 - Average neutron over proton ratio 
as a function of product mass for the 
40~a+64~i system at 182 MeY and 280 MeV 
bombarding energy [ 54 ] .  
It is clearly seen that the largest discrepancy 
between the model and the experimental results was 
6 4 found in the neutron richest system (40~r+ Ni) 
leading to primary neutron rich nuclei which are 
supposed to decay mainly by neutron evaporation. 
Simple evaporation simulations have clearly shown 
the quantitative importance of the secondary deexci- 
tation phenomena (fig. 17).(Details can be found in 
ref. 44). We can notice in these simple evaporation 
calculations how a structured pattern is arising 
from a primary smooth distribution. Therefore at 
this point it is quite difficult to ascertain how 
much the observed structured distribution is alrea- 
dy present in the first stage of the reaction befo- 
re the evaporation process.\Modifying the bombar- 
ding energy has not allowed to observe fundamental 
changes in the N/Z distribution (fig. 18) and the 
previous question remains open. 
Once the charge asymmetry degree of 
freedom has been shown to be equilibrated for com- 
pletely damped collisions it is interesting to in- 
vestigate this mode for intermediate collisions. 
This is done for a given element by following the 
isotopic distribution as a function of detection 
angle. As shown in fig. 19 near the grazing angle 
the two energy contributions are well separated and 
isotopic distributions are quite different. Ahead 
of the grazing angle the completely (or nearly com- 
pletely) energy relaxed component is still present 
but is not well separated from the partially damped 
component. However no significant isotopic distri- 
bution difference can be observed as a function of 
energy. Thus it is clearly shown that the charge 
asymmetry degree of freedom is equilibrated well 
before the kinetic energy in the relative motion is 
completely damped. 
Elab ( M e V )  
Fix-  19 - Contour plot of K isotope yields in 
the M, E plane in the reaction 40~r(280 MeV) 
+58~i close to the grazing angle (left) and 
below the grazing angle (right) [53). 
DEEP INELASTIC REACTIONS C5-105 
The kinetic energy being damped in 
a time significantly smaller than the rotational 
period we can estimate the characteristic relaxa- 
tion time for jiroton over neutron mode to be of 
the order of 10-'~s . The assumption for this mode 
to be governed by the giant dipole resonance seems 
to be quite reasonable since for a nucleus of mass 
100 the corresponding phonon energy is approximate- 
ly = 15 MeV (rG!.4.10-~~s). Finally, in order to 
confirm experimentally the total relaxation of the 
charge asymmetry mode the following experiment has 
40 64 been realized. The ( ~ r + ~ ~ ~ n )  and (40~a+ Ni) sys- 
tems in which the same number of protons and neu- 
trons are involved were studied at the same bombar- 
ding energy. If the charge over mass mode is the 
first to be equilibrated, then the two systems must 
behave exactly in the same way and the products 
yield after particle deexcitation must be the same 
as it is clearly shown in figure 20. 
~ i g .  20 - Average neutron over proton ratio as 
a function of product mass for the two sys- 
tems (40~a+64~i) and (40~r+64~n) at 182 MeV 
bombarding energy [54] . 
Other strong evidence of the neutron over proton 
equilibration can be found in the study of the sys- 
tem Ar+Th [lo91 . and in recent Cu induced reactions 
on different targets [I 101 . 
SUMMARY AND CONCLUDING REMARKS. 
If neglecting the emission of 
light particles (nucleons or a-particles) the two- 
body character of deep inelastic collisions seems 
to be well established now. 
The size of the interacting nuclei- 
des is not the only relevant parameter influencing 
the reaction mechanism. An increase of the bombar- 
ding energy has,to some extend,the same effect as a 
decrease in the size of the interacting nuclei. A 
- 
2 parameter like Z1Z2e /tlvl (v' being the relative 
velocity at the closest distance of approach), pro- 
portional to the ratio of a Coulomb conservative 
force to a dissipative friction force might be a 
useful parameter in order to classify the studied 
systems. 
The knowledge of both light parti- 
cle and y-ray emission characteristics appears to 
I 
be very valuable to better understand the friction 
mechanism. In the present state of the experimental 
investigation it looks like the-sticking hypothesis 
were verified. As for the sharing of excitation 
energy between the fragments additional'Gxperimen- 
tal informations are needed to conclude. 
The collective neutron over protpn 
ratio mode has been verified as being a very rapid- 
ly relaxed one. 
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